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Abstract. Structural alterations of collagen impact signaling 
that helps control tumor progression and the responses to thera‑
peutic intervention. Integrins represent a class of receptors that 
include members that mediate collagen signaling. However, a 
strategy of directly targeting integrins to control tumor growth 
has demonstrated limited activity in the clinical setting. New 
molecular understanding of integrins have revealed that these 
receptors can regulate both pro‑ and anti‑tumorigenic functions 
in a cell type‑dependent manner. Therefore, designing strate‑
gies that block pro‑tumorigenic signaling, without impeding 
anti‑tumorigenic functions, may lead to development of more 
effective therapies. In the present study, evidence was provided 
for a novel signaling cascade in which β3‑integrin‑mediated 
binding to a secreted RGDKGE‑containing collagen fragment 
stimulates an autocrine‑like signaling pathway that differen‑
tially governs the activity of both YAP and (protein kinase‑A) 
PKA, ultimately leading to alterations in the levels of immune 
checkpoint molecule PD‑L1 by a proteasome dependent 
mechanism. Selectively targeting this collagen fragment, 
reduced nuclear YAP levels, and enhanced PKA and protea‑
some activity, while also exhibiting significant antitumor 
activity in vivo. The present findings not only provided new 
mechanistic insight into a previously unknown autocrine‑like 
signaling pathway that may provide tumor cells with the ability 
to regulate PD‑L1, but our findings may also help in the devel‑
opment of more effective strategies to control pro‑tumorigenic 
β3‑integrin signaling without disrupting its tumor suppressive 
functions in other cellular compartments.

Introduction

The interconnected network of extracellular matrix (ECM) 
proteins that help comprise the non‑cellular stroma, not only 
provides a mechanical scaffold for cells and tissues, but can 
also help facilitate the ability of cells to fine tune their capacity 
to sense and respond to a variety of soluble external cues (1‑3). 
The remarkable diversity of signaling cascades regulated by 
the ECM suggests that discrete receptor‑mediated contact sites 
between cells and ECM proteins may function as signaling 
hubs that helps integrate the transfer of both solid‑phase and 
soluble information from outside the cell to the inside (3,4). 
These functional signaling hubs may provide cells with the 
needed signaling flexibility to survive and grow in diverse 
tissue microenvironments (1‑4).

The collagen family of molecules is a large group of triple 
helical matrix proteins that represent a major component of 
the ECM (3,5). A specific subset of the integrin family of 
ECM receptors are known to bind to discrete regions of intact 
triple helical collagen and facilitate signaling (3,6,7). Evidence 
indicated that while the intact triple helical conformation of 
collagen can stimulate signaling cascades predominately 
through β1‑integrins, cryptic collagen elements exposed 
following structural remodeling can be recognized by a 
different subset of integrins including αvβ3, which may in 
turn play roles in governing cellular processes during patho‑
logical events (3,4). These cryptic collagen elements may be 
defined as either conformationally altered regions that are 
exposed within the immobilized collagen fibers, or they may 
be released as soluble peptide fragments (3,4). The functional 
importance of these cryptic elements in biological processes 
are beginning to emerge (3,4).

While proteolytic cleavage of pre‑existing collagen allows 
structural remodeling of the local ECM to help create less 
restrictive physical barriers for migration and invasion, less is 
known concerning whether soluble collagen fragments bind 
to cell surface receptors and stimulate signaling cascades 
that potentiate tumor growth in vivo. To this end, estimates 
suggested that up to 20% of newly synthesized collagen can be 
degraded intracellularly (8), however, little is known concerning 
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whether these degraded collagen fragments are released from 
the cell and play a functional role in regulating tumor growth. 
Previously, an endogenously generated small bioactive collagen 
fragment that can be secreted by M2‑like macrophages was 
identified  (9). This 16 kDa RGDKGE‑containing collagen 
fragment binds to and activates integrin αvβ3 expressed on 
vascular endothelial cells leading to enhanced nuclear accumu‑
lation of the Yes‑associated protein (YAP) (9). Recently, it was 
also demonstrated by the authors that ovarian carcinoma cell 
interactions with this collagen fragment suppressed phosphor‑
ylation of the hippo effector kinase LATS1, and reduced the 
inhibitory phosphorylation of YAP which ultimately led to its 
nuclear accumulation (10). Selectively targeting this collagen 
fragment in ovarian carcinoma cells inhibited YAP nuclear 
accumulation and suppressed tumor growth in vivo (10).

Among the numerous factors considered to be controlled 
by YAP, is the immune checkpoint molecule programed death 
ligand‑1 (PD‑L1), which is expressed in a number of cell 
types (11‑13). While the levels of soluble collagen peptides 
have been correlated with resistance to immune checkpoint 
inhibitors in humans (14,15), it is not known whether these 
collagen peptides play a functional role in immune suppres‑
sion or directly regulate the levels of immune checkpoint 
molecules. Given the importance of targeting the PD‑1/PD‑L1 
pathway to control tumor growth (16‑18), obtaining a more 
in‑depth understanding of the different mechanisms by which 
the levels of PD‑L1 is regulated is of particular importance. 
Among the most well‑studied mechanisms by which the levels 
of PD‑L1 can be controlled include transcription, translation, 
post‑translational modifications and protein stability (19‑21). 
Studies have shown that PD‑L1 can be regulated by molecules 
such as growth factors and cytokines including EGF, TGFβ, 
IL‑6 and INF‑γ to name just a few (19‑21). Signaling stimulated 
through binding of these factors to their respective cell surface 
receptors leads to the activation of numerous pathways such 
as MAP/Erk, PI3K/Akt, and JAK/Stat cascades that can ulti‑
mately contribute to the differential control of PD‑L1 (19‑21). 
In addition, the levels of PD‑L1 can also be controlled by 
alterations of protein stability through mechanism associ‑
ated with glycosylation, lysosomal‑mediated degradation, 
ER‑associated degradation (ERAD) and proteasomal‑medi‑
ated degradation (21‑26). New evidence is now emerging that 
in addition to growth factor and cytokine receptor signaling, 
integrin receptors may also play a role in regulating PD‑L1. In 
fact, integrins such as α2β1 and αvβ3 have been suggested to 
contribute to the regulation of this important immune check‑
point molecule (27‑29).

In the present study, evidence was provided for the first 
time for a previously unappreciated signaling cascade in 
which β3‑integrin mediated cellular interaction with the 
secreted RGDKGE‑containing collagen fragment stimulates 
an autocrine‑like signaling pathway that helps control PD‑L1 
by a proteasome dependent mechanism. Inhibiting this novel 
autocrine‑like signaling cascade led to enhanced (protein 
kinase‑A) PKA activity and reduced PD‑L1 levels by a 
proteasome‑dependent process. These findings are consistent 
with the concept that certain tumor cells have the capacity to 
regulate β3 integrin signaling in an autocrine‑like manner by 
binding to this secreted soluble fragment of collagen. This 
autocrine‑like signaling cascade may provide tumor cells 

with the ability to regulate PD‑L1 stability by controlling 
PKA, YAP and proteasome function. Selectively targeting the 
secreted RGDKGE‑containing collagen fragment inhibited 
tumor growth in vivo. Taken together, our new findings may 
help in establishing a novel strategy to control tumor growth 
by selectively disrupting an autocrine‑like signaling pathway 
that regulates proteasome dependent control of PD‑L1 levels.

Materials and methods

Cells and cell culture. Β16F10 murine melanoma cells, 4T1 
murine mammary carcinoma cells, HUVEC human endothe‑
lial cells, RAW264.7 murine macrophages, YUMM1.7 murine 
melanoma cells, A375 human melanoma cells, C32 human 
melanoma cells and murine Lewis Lung Carcinoma (LLC) 
cells designated LL/2 (LLC1) were obtained from the American 
Type Culture Collection (ATCC; cat. no. CRL‑1642). Human 
Dermal Fibroblast (HDF) were obtained from ScienCell 
Research Laboratories, Inc. and cultured in 2% FBS in growth 
medium supplemented with Fibroblast Growth Supplements 
from ScienCell Research Laboratories, Inc. YUMM1.7 cells 
were cultured in DMEM F‑12 medium in presence of 10% 
FBS, 1% NEAA and 1% Pen‑Strep. 4T1 cells were cultured 
in RPMI‑1640 medium in the presence of 5% FBS, 1% 
Pen‑Strep and 1% sodium pyruvate. HUVECs were cultured 
in VCBM media plus Endothelial Cell Growth Kit. Β16F10, 
RAW264.7, C32, A375 and LLC cells were cultured in DMEM 
plus 10% FBS 1.0% Pen‑Strep and 1.0% sodium pyruvate. 
Human primary melanocytes were obtained from ScienCell 
Research Laboratories, Inc. and cultured in Melanocyte Media 
containing 0.5% FBS and Melanocyte Growth Supplement.

Animals. C57BL/6J (4‑11 mice per experiment, 6‑8 weeks old 
and 18‑20 g) and Balb/CJ female mice (7 mice per experi‑
ment; 6‑8 weeks old; weight 18‑20 g) were obtained from the 
Jackson Laboratory (Bar Harbor, ME). Mice were housed in 
MaineHealth Institute for Research pathogen‑free air barrier 
facility, which has a temperature range from 20‑24˚C, a 
humidity range from 30‑70% and a light/dark cycle of 14/10 h, 
respectively. All animal had access to food and water continu‑
ously, with no restrictions, and all handling and procedures 
were approved by the Maine Medical Center Institutional 
Animal Care and Use Committee (Scarborough, USA) under 
approved IACUC protocol number 2206.

Reagents, chemicals and antibodies. Bovine serum albumin 
(BSA), Proteasome 20S activity assay kit, MG132 protea‑
some inhibitor, Cathepsin inhibitor‑I, DMSO and crystal 
violet were obtained from MilliporeSigma. Anti‑YAP1 (cat. 
no. 14074), anti‑integrin β3 (cat. no. 4702s), anti‑β‑tubulin (cat. 
no. 2145s), anti‑actin (cat. no. 4907s) and anti‑TATA‑binding 
protein (TBP) (cat. no. 44059s) antibodies were all obtained 
from Cell Signaling Technology, Inc. Anti‑PD‑L1 antibody 
(cat. no. ab26974), the PKA kinase activity assay kit and PKA 
inhibitor KT5720 were all obtained from Abcam. Brefeldin‑A 
and Super Signal Pico Plus were obtained from Thermo Fisher 
Scientific, Inc. Mab XL313 (cat. no. BE0324) and non‑specific 
control antibody (cat. no. BP0083) was obtained from Bio‑X 
Cell. P2 peptide (CQGPRGDKGEC) and control peptide CP 
(CQGPGGAAGGC) were from QED Bioscience. Alexa 594 
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labeled secondary antibody (cat. no. A11005) was from Thermo 
Fisher Scientific, Inc. The PKA inhibitor H89 was obtained 
from Selleck Chemicals. Function blocking β3 antibody (cat. 
no. 104310) was obtained from BioLegend, Inc. Mouse PD‑L1 
specific short hairpin (sh)RNAs, Coll‑1α2 chain shRNAs and 
control non‑targeting shRNAs were obtained from OriGene 
Technologies, Inc.

Cytotoxicity and cell growth assays. Sub‑confluent Β16F10 
melanoma cells were washed and then resuspended in 
serum‑free medium (DMEM) in the presence of non‑specific 
control antibody or anti‑XL313 Mab (100 µg/ml) for 1 h. Next 
cells were spun down and resuspended in 2.5% growth medium 
in the presence of non‑specific control or anti‑XL313 Mab 
(100 µg/ml) and added (2x103/well) to 96 well culture plates 
and allowed to proliferate for 24 h. Cell growth was quanti‑
fied using Cell Proliferation Kit I (MTT) according to the 
manufacturer's instructions (MilliporeSigma), with formazan 
solubilized with 10% SDS and 0.01 M HCL solution provided 
with the kit. The absorbance was measured at a wavelength 
of 600 nm. For cytotoxicity assays, sub‑confluent Β16F10 
cells were washed and resuspended in serum‑free medium 
(DMEM) in suspension for 1 h in the presence of non‑specific 
control antibody or anti‑XL313 Mab (100 µg/ml). Next cells 
were spun down and resuspended in 1.0% serum containing 
medium containing 1 mM MgCl2, 0.2 mM MnCl2 in the pres‑
ence of non‑specific control or anti‑XL313 Mab (100 µg/ml) 
and added (2x103/well) to 96 well culture plates and allowed 
to incubate for 24 h. Cell cytotoxicity was quantified using 
CytoTox 96 Non‑radioactive cytotoxicity assay kit according 
to manufactures instructions (Promega Corporation). Cell 
growth and cytotoxicity was quantified from triplicate wells 
and assays carried out 3 independent times.

Western blot analysis. To determine if tumor cells could 
express the RGDKGE‑containing collagen fragment, cell 
lysates from growing conditions and 24 h serum‑free condi‑
tioned medium (CM) were collected from equal number 
of Β16F10, C32, YUMM1.7, A375, 4T1, LLC, Raw 264.7, 
HUVEC, human melanocytes and HDFs. Β16F10 cells 
(0.5x106) were serum‑starved for 1 h in suspension at 37˚C. 
Next, cells were resuspended in 500 µl of serum‑free media 
and incubated over a time course (0‑180 min). CM and lysates 
were prepared at 0, 15, 60 and 180 min. To confirm that 
the RGDKGE containing collagen fragment was secreted, 
Β16F10, YUMM1.7, and C32 cells were serum‑starved for 1 h 
in suspension at 37˚C with Brefeldin‑A (10 µM) or equivalent 
control. Next, cells were resuspended in serum‑free DMEM 
with Brefeldin‑A (10 µM) or control (methanol) for 15 min or 
1 h and lysate and CM were prepared. In experiments to study 
the impact of cathepsin on the expression of the low molecular 
weight RGDKGE containing collagen fragment, sub‑confluent 
cultures of cells were serum‑starved in suspension for 1 h 
at 37˚C in the presence of 25 µM of Cathepsin inhibitor or 
control. Next, cells were resuspended in serum‑free DMEM 
media containing cathepsin inhibitor (25 µM) or control for 
3 h and lysates were prepared.

In experiments to study the mechanism by which Mab 
XL313 may regulate PD‑L1, cells were serum‑starved in 
suspension for 1 h at 37˚C with 10 µM MG132, 10 µM H89, 

5 µM KT5720, or the equivalent control. Subsequently, cells 
were resuspended in serum‑free DMEM with the indicated 
inhibitors in the presence of Mab XL313 or control antibody 
(100 µg/ml) for 15 min or 1 h and cell lysates were prepared.

To examine the effects of Mab XL313 on PD‑L1 levels, 
cells from sub‑confluent cultures were serum‑starved in 
suspension for 1 h at 37˚C, then resuspended in serum‑free 
DMEM media containing Mab XL313 or control antibody 
(100 µg/ml) for 15 min or 1 h and cell lysates were prepared. 
To examine whether RGDKGE‑containing collagen frag‑
ment could counteract the effects of Brefeldin‑A on PD‑L1, 
Β16F10 cells were serum‑starved in suspension for 1 h with 
Brefeldin‑A (10 µM) or control. Next, cells were resuspended 
in the presence of Brefeldin‑A (10 µM) or control along with P2 
or CP (100 ng/ml) for 15 min and lysates were then prepared. 
All cells were lysed in RIPA lysis buffer with 1X protease 
inhibitor cocktail, 2 mM of PMSF, 1 mM of sodium orthovan‑
adate (Santa Cruz Biotechnology, Inc.). Equal amounts of cell 
lysates (5‑30 µg per lane), determined by BCA assay, were 
separated by SDS PAGE (using 10 or 15% polyacrylamide 
gels). Membranes (0.45‑µM nitrocellulose) were blocked 
with 10% milk‑TBST for 1 h at room temperature. Primary 
antibodies were diluted in 5% BSA‑TBST. Primary antibodies 
were incubated (Mab XL313, 5 µg/ml), anti‑PD‑L1 (2 µg/ml), 
anti YAP (1:1,000) anti‑Tubulin (1:5,000), anti‑Actin (1:1,000) 
with membranes overnight at 4˚C. Secondary antibodies 
(anti‑mouse HRP‑labeled, cat. no.  W4021; and anti‑rabbit 
HRP‑labeled, cat. no. W4011; both diluted at 1:10,000 from 
Promega Corporation) were diluted in 5% milk‑TBST and 
incubated for 1 h at room temperature. Western blots were 
performed at least 3 to 4 times and visualized by chemilu‑
minescence detection using Super Signal Pico Plus obtained 
from Thermo Fisher Scientific, Inc. Quantification of the mean 
relative changes in proteins was carried out using ImageJ soft‑
ware (version 5.0; National Institutes of Health).

Preparation of tissue lysates. Female C57BL/6J or Balb/CJ 
mice (6‑8 weeks old) were injected with Β16F10 or 4T1 cells, 
respectively. Individual tumors (n=4) were harvested and snap 
frozen on dry ice and ground in a cold mortar. Ground up 
tissues from individual tumors were mixed with RIPA lysis 
buffer, and whole tumor tissue lysates were generated for 
western blot analysis. Fully de‑identified snap frozen human 
melanoma biopsy tissues were obtained from MaineHealth 
Institute for Research Bio Bank and tissue lysates were gener‑
ated as aforementioned.

Cell line generation. Cd274 mouse shRNA plasmid 
(TL503436) specific for Pd‑l1 or scrambled non‑targeting 
(NT) shRNA plasmid (TL30021) containing the backbone 
cassette in PGFP‑C‑shLenti shRNA vectors (2.5  µg of 
plasmids per 6‑well plates) were transfected to Β16F10 cells 
at 37˚C with TurboFectin™ 8.0 transfection reagent (cat. 
no. TF81001) from OriGene Technologies, Inc. according to 
the manufacturer's instructions. After 24 h of transfection, 
the cells were selected with 3 µg/ml of puromycin containing 
growth medium to generate stably expressing shRNA cell 
lines. The effective targeting sequence of Pd‑l1 gene is 5'‑GTG​
GTG​GAG​TAT​GGC​AGC​AAC​GTC​ACG​AT‑3'. The Col‑1α2 
shRNA plasmid (TL500407) or scrambled negative control 
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non‑targeting shRNA plasmid (TR30021) containing the 
backbone cassette in PGFP‑C‑shLenti shRNA vectors, were 
obtained from OriGene Technologies, Inc. Β16F10 cells were 
transfected with lipofectamine 3000 transfection kit (L3000) 
from Invitrogen by Thermo Fisher Scientific, Inc. After 24 h 
of transfection, the cells were selected with 3 µg/ml of puro‑
mycin containing growth medium. The effective targeting 
sequence of Coll‑1 α2 gene is 5'‑AGT​GGT​CCT​CAA​GGC​
ATC​CGA​GGT​GAC​AA‑3'. Next, the same number of actively 
growing cells were seeded for determining knock down 
efficiency by reverse transcription‑quantitative (RT‑q)PCR 
and the RGDKGE‑containing collagen fragment expression 
by western blotting. The murine RT‑qPCR primers specific 
for collagen‑1 α2 chain were forward, 5'‑CTA​GCC​AAC​CGT​
GCT​TCT​CA‑3' and reverse, 5' TCT​CCT​CAT​CCA​GGT​ACG​
CA‑3'. For the housekeeping gene of mouse Cyclophilin, the 
primers were forward, 5'‑CCA​CCG​TGT​TCT​TCG​ACA​T‑3' 
and reverse, 5'‑CAG​TGC​TCA​GAG​CTC​GAA​AG‑3'. RT‑qPCR 
assays were repeated at least 3 times.

Nuclear protein extraction. To examine the effects of blocking 
cellular interactions with the secreted RGDKGE‑containing 
collagen fragment on nuclear accumulation of YAP, 
sub‑confluent Β16F10 cells were washed and serum‑starved 
for 1 h in suspension at 37˚C and cells were then resuspended in 
media containing Mab XL313 or nonspecific control antibody 
(100 µg/ml) for 15 min. The nuclear and cytoplasmic proteins 
were extracted using NE‑PER nuclear and cytoplasmic extrac‑
tion reagents from Thermo Fisher Scientific, Inc. according to 
the manufacturer's instructions. The nuclear extractions were 
examined by western blot analysis with anti‑YAP or anti‑TBP 
(TATA binding protein) antibody.

RNA isolation, cDNA synthesis and RT‑qPCR. Sub‑confluent 
Β16F10 cells were washed and serum‑starved in suspen‑
sion for 1 h at 37˚C. Next, cells were resuspended in media 
containing Mab XL313 or control antibody (100 µg/ml). To 
examine the effects of Mab XL313 on PD‑L1 levels, cells were 
lysed after incubation over a time course of 15 min, 1 and 3 h 
using RNA isolation lysis buffer. RNA was isolated by using 
RNase plus mini kit from Qiagen following the manufacturer's 
protocol. Total RNA (1.0 µg) was synthesized with iScript 
cDNA synthesis kit from Bio‑Rad Laboratories, Inc according 
to the manufacturer's instruction. Equivalent amount of cDNA 
was used for RT‑qPCR, and the murine RT‑qPCR primers 
used for mouse Pd‑l1 were forward, 5'‑TGC​GGA​CTA​CAA​
GCG​AAT​CAC​G‑3' and reverse, 5'‑CTC​AGC​TTC​TGG​ATA​
ACC​CTC​G‑3' and for the housekeeping gene mouse b2m, the 
primers were forward, 5'‑CTG​ACC​GGC​CTG​TAT​GCT​AT‑3' 
and reverse, 5'‑CCG​TTC​TTC​AGC​ATT​TGG​AT‑3'. RT‑qPCR 
assays were repeated 5 times. The expression of Pd‑l1 genes 
was examined by RT‑qPCR using Bio‑Rad CFX connect real 
time systems with a SYBR green‑based 3 step amplification 
protocol. The reaction was set up by incubation at 95˚C for 
3 min for initial denaturation, followed by 45 cycles of dena‑
turation, annealing, and extension steps (95˚C for 10 sec, 57˚C 
for 30 sec and 72˚C for 30 sec), with data collection at each 
annealing step. To ensure the specificity of the amplifications, 
each amplification reaction was followed by a melting phase, 
according to the default settings of the CFX connect instrument 

(from 65 to 95˚C), and each melting curve was assessed for the 
presence of a single peak. The transcript level of the Pd‑l1 gene 
was normalized to the transcript level of house‑keeping gene 
b2m. The method of quantification used was 2‑ΔΔCq (30).

Immunofluorescence staining. Sub‑confluent Β16F10 mela‑
noma cells were harvested from culture and washed. Β16F10 
cells were serum‑starved for 1 h in suspension and plated 
on 10% serum‑coated slides and allowed to attach for 1 h. 
Cells were washed and fixed with 50% acetone and 50% 
methanol for 10 min. Next cells were washed and incubated 
for 1 h at room temperature with anti‑PD‑L1 antibody (cat. 
no. NBP1‑76769; Novus Biologicals, LLC) (10 µg/ml diluted 
in 1.0% BSA in PBS). Next, cells were washed 3  times in 
PBS and incubated for 30 min with both alexa‑594 secondary 
antibody (cat. no. A11005) (1:5,000) and DAPI (1:3,000) from 
Thermo Fisher Scientific, Inc. Finally, cells were washed and 
mounted for analysis.

Proteasome 20S activity assay. To examine whether the effects 
of Mab XL313 on PD‑L1 were due to proteasome‑medi‑
ated degradation, a proteasome activity assay kit from 
MilliporeSigma was used. Briefly, Β16F10, Β16F10‑YAP‑K/D 
(Yap knock down), and Β16F10‑NT (non‑targeting vector) cells 
were serum‑starved for 1 h at 37˚C in suspension. Afterwards, 
cells were resuspended in serum‑free DMEM containing 
Mab XL313, non‑specific control IgG (100 µg/ml) or anti‑β3 
antibody (50 µg/ml) for 15 min. For stimulation with control 
peptide CP or collagen peptide P2, cells were stimulated with 
peptides (100 ng/ml) for 5 min. Next, cells were spun down, 
and media was replaced with 300 µl of Proteasome Loading 
Solution and 100 µl was added to a 96 well flat bottom black 
plate (in triplicate) according to the manufacturer's protocol. 
The plate was incubated at 37˚C for 1 h and then the fluores‑
cence intensity was measured using an excitation wavelength 
at 490 nm and emission wavelength at 525 nm. Proteasome 
activity assays were performed in triplicate 3 to 4 times.

PKA activity assay. To examine whether the Mab XL313 or 
the collagen peptide P2 impacts PKA activity, a PKA activity 
assay obtained from Abcam was performed using cell lysates. 
Briefly, Β16F10, Β16F10‑NT and Β16F10‑YAP‑K/D cell 
lysates were prepared by serum‑starving cells in suspension 
for 1 h at 37˚C. Next, cells were resuspended in serum‑free 
DMEM containing Mab XL313, non‑specific control IgG 
or function blocking anti‑β3 antibody for 15 min. In similar 
studies, Β16F10 cells were serum‑starved in suspension 
for 1 h at 37˚C. Next, cells were resuspended in serum‑free 
DMEM containing either control peptide CP (100 ng/ml) or 
collagen peptide P2 (100 ng/ml) for 15 min. Cells were then 
lysed in RIPA lysis buffer with 1X protease inhibitor cocktail, 
2 mM of PMSF, 1 mM of sodium orthovanadate and stored 
at ‑80˚C. The PKA activity assay was performed according 
to the manufacturer's instructions. PKA activity assays were 
performed in triplicate 3 to 4 times.

Cell binding assays. A total of 48 well non‑tissue culture 
plates were coated with 100 µg/ml of control peptide (CP) 
or RGDKGE‑containing peptide (P2). Tumor cells were 
suspended in adhesion buffer (DMEM) containing 1 mM 
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MgCl2, 0.2 mM MnCl2 and 0.5% BSA, and 1x105 cells were 
added to the wells in the presence of 100  µg/ml of Mab 
XL313, anti‑β3 integrin antibody, anti‑β1 integrin antibody or 
non‑specific control IgG and allowed to bind for 10‑20 min 
at 37˚C. Non‑attached cells were removed and attached cells 
were stained with crystal violet as previously described (10,31). 
Cell binding was quantified by measuring the optical density 
of eluted dye as previously described (10,31). Cell binding 
assays were performed at least 3 times with triplicate wells 
per condition.

Viral vectors for cell line generation. Lentiviral vectors 
(pLKO.1 based) encoding short hairpin RNAs (shRNAs) 
specific for YAP or a control non‑targeting construct devel‑
oped by the RNAi Consortium were obtained from GE 
Healthcare Life Science. The effective targeting sequence 
of YAP gene was 5'‑TTC​TTT​ATC​TAG​CTT​GGT​GGC‑3'. 
Lentivirus was packaged in the recombinant viral vector core 
facility at MaineHealth Institute for Research. Multiplicity 
of infection (MOI) was 1. Β16F10 cells were transduced 
with shRNA overnight in a viral culture room incubator. 
The next day, transduced cells were washed twice with PBS 
and fresh growth medium was added in the presence of 
3 µg/ml of puromycin (Invitrogen; Thermo Fisher Scientific, 
Inc.) and brought to the lab cell culture incubator. After 
7‑10 days of selection, the established stable cell pool was 
used to determine the knockdown efficiency by western blot. 
Once knockdown efficiency was confirmed, transduced cells 
were used for further experiments within approximately 2 
to 3 weeks. Cells were periodically tested prior to carrying 
out experiments to confirm knockdown efficiency by western 
blot.

Tumor growth assays. Tumor growth assays were performed 
as previously described (10,30). Briefly, mice were injected 
subcutaneously with either 3.5x105 Β16F10 cells, non‑target 
Β16F10 cells, 3.5x106 PD‑L1 knock‑down Β16F10 (N=8‑10 
C57BL/6 mice per condition) or 3x105 4T1 mammary carci‑
noma cells resuspended in 100 µl of sterile PBS. Mice were 
allowed to form palpable tumors for 3 or 7 days, then the mice 
were intraperitoneally injected with Mab XL313 or nonspe‑
cific control antibody (0‑250 µg/mouse) 3X times per week 
for 14 or 21 days. Tumor size was measured with caliper and 
the tumor volume was calculated using the formula V=L2 x 
W/2, where V=volume, L=length, W=width. All mice were 
euthanized by inhalant isoflurane to effect by administering 
isoflurane from a 100% stock solution as a vapor in a closed 
chamber until lack of breathing and heartbeat was observed, 
which was followed by cervical dislocation. Death was veri‑
fied by lack of breathing and lack of heartbeat determined by 
palpation in accordance with MaineHealth IACUC approved 
protocol number 2206.

Statistical analysis. Statistical analysis was performed using 
the Prism/Graph Pad (version 6; GraphPad Software, Inc.) 
statistical program for Macintosh computers. Data were 
analyzed for statistical significance using unpaired Student's 
t‑test with comparison to the control group, performed 
separately at each time point. For experiments in which 
there were more than two groups, we performed a one‑way 

ANOVA and then used a Dunnett's multiple comparison test 
to adjust for comparison of each level to the control group. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Detection of the RGDKGE‑containing collagen fragment in 
malignant tumor cells and effects of targeting it on tumor 
growth in vivo. While it is well‑accepted that cellular inter‑
actions with triple helical collagen can regulate the behavior 
of distinct tumors  (31‑34), less is known concerning the 
impact of endogenously secreted soluble collagen frag‑
ments have on malignant cells. While stromal cells such as 
fibroblasts represent a major source of collagen, other cells 
types within tumor lesions also express collagen, including 
alternatively activated M2‑like macrophages (9,35,36). We 
identified a bioactive 16 kDa RGDKGE‑containing collagen 
fragment that can be secreted from M2‑like macrophages (9). 
To determine the expression of this collagen fragment 
within different tumor cells, we analyzed serum‑free CM 
and whole cell lysates from a panel of different tumor cell 
lines. To facilitate these studies, Mab XL313 was used, 
which specifically recognizes the RGDKGE sequence 
within proteolyzed collagen, but does not bind to intact 
collagen or other RGD‑containing ECM molecules  (9). 
The low molecular weight 16 kDa RGDKGE‑containing 
collagen fragment was detected within whole cell lysates 
and in serum‑free CM from several tumor cell lines 
including Β16F10 melanoma, 4T1 mammary carcinoma 
and LLC (Fig. 1A). By contrast, while this low molecular 
weight collagen fragment was detected in RAW 264.7 
macrophages, it was not detected in normal human mela‑
nocytes, endothelial cells (HUVEC) or HDF (Fig. 1B). The 
RGDKGE‑containing collagen fragment was also detected 
within both whole cell lysates and serum‑free CM in addi‑
tional tumor cell lines including C32 and YUMM1.7 cells, 
while A375 cells expressed minimal if any detectable levels 
(Fig. 1C). In addition, the RGDKGE‑containing collagen 
fragment was also detected in whole tissue lysates of 4T1 
mammary carcinomas and Β16F10 melanomas growing 
in vivo (Fig. 1D and E), as well as in malignant human mela‑
noma biopsies (Fig. 1F). Collectively, these data indicated 
that the RGDKGE‑containing collagen fragment can be 
differentially generated by several different tumor cell lines 
and malignant human melanomas.

Taking into consideration previous studies by the 
authors (9,10), it was sought to confirm that different tumor 
cell types also have the capacity to directly interact with the 
RGDKGE‑containing collagen fragment. Similar to previous 
studies  (9,10), a synthetic RGDKGE‑containing collagen 
fragment termed P2, which is specifically recognized by 
anti‑XL313 Mab (9), can bind to a variety of distinct tumor 
cell lines, including 4T1 mammary carcinomas and a number 
of melanoma cell lines including Β16F10, C32 and YUMM1.7 
(Fig. S1A‑D). To confirm the function blocking activity of 
anti‑XL313 Mab, the ability of Mab XL313 to block tumor cell 
interaction with the RGDKGE‑containing collagen fragment 
P2 was examined. As revealed in Fig. 1G and H anti‑XL313 
Mab inhibited Β16F10 and 4T1 tumor cell binding to this 
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RGDKGE‑containing collagen fragment. Similar results 
were observed with C32 and YUMM1.7 melanoma cells 
(Fig. S1E and F).

Given the expression of the RGDKGE‑containing collagen 
fragment in tumor tissues, it was next sought to examine 
the therapeutic impact of selectively targeting the bioactive 

Figure 1. RGDKGE‑containing collagen fragment in distinct tumor types. (A‑C) Western blot analysis of LY and serum‑free CM for the 16 kDa 
RGDKGE‑containing collagen fragment or loading control tubulin in (A) Β16F10 melanoma, 4T1 mammary carcinoma and LLC; in (B) macrophages 
(RAW 264.7), endothelial cells (HUVEC), normal human melanocytes and HDF and in (C) Β16F10 melanoma, C32 melanoma, YUMM1.7 melanoma and 
A375 melanoma cells. (D and E) Western blot analysis of lysates from individual solid (D) 4T1 and (E) Β16F10 tumors growing in mice for the 16 kDa 
RGDKGE‑containing collagen fragment or loading control actin. (F) Western blot analysis of lysates from individual biopsies of malignant human melanoma 
tumors for the 16 kDa RGDKGE‑containing collagen fragment or loading control actin. (G and H) Quantification of (G) Β16F10 and (H) 4T1 cell binding to 
collagen peptide P2 in the presence of non‑specific control antibody (Ab Cont) or anti‑RGDKGE antibody (Mab XL313). Data bars represent the mean ± SEM 
cell binding from triplicate wells. (I) Example of changes in Β16F10 tumor size following treatment of mice with different doses of Mab XL313 or control anti‑
body (Ab Cont) (scale bar, 1 cm). (J) Quantification of the dose‑dependent effects of anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific 
control antibody (Ab Cont) on the growth Β16F10 tumors in vivo. Data bars indicate the mean ± SEM tumor volumes (n=4‑6 per group). P‑value represents 
comparison of each group to antibody control. (K) Example of changes in 4T1 tumor size following treatment of mice with Mab XL313 or control antibody 
(Ab Cont) (scale bar, 1 cm). (L) Quantification of the effects of anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific control antibody (Ab 
Cont) on the growth 4T1 tumors in vivo. Data bars indicate the mean ± SEM tumor volumes (n=7 per group). *P<0.05 vs. control at each time point. LY, whole 
cell lysates; CM, conditioned medium; LLC, Lewis Lung Carcinoma; HDF, human dermal fibroblasts; Mab, monoclonal antibody.
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RGDKGE‑containing collagen fragment. To begin these 
studies, the dose‑dependent impact of Mab XL313 on Β16F10 
tumors growing in vivo was examined. As demonstrated in 
Fig. 1I and J and Table SI, treatment of mice with established 
Β16F10 tumors with Mab XL313 resulted in a dose‑dependent 
inhibitory effect, with a significant inhibition of ~50% 
achieved at doses of 100 µg per each mouse 3 times per week. 
To confirm the antitumor activity of Mab XL313 in a second 
independent in vivo tumor model, 4T1 mammary carcinomas 
growing in Balb/c mice were used. As shown in Fig. 1K and L 
and Table SII, anti‑XL313 Mab also significantly inhibited 4T1 
mammary carcinoma tumor growth.

The RGDKGE‑containing collagen fragment can be gener‑
ated by a cathepsin‑dependent process. To further study the 
RGDKGE‑containing collagen fragment, it was chosen to 
focus primarily on Β16F10 melanoma cells and started by 
examining the kinetics of the release of this collagen fragment. 
To facilitate these studies, Β16F10 cells were serum‑starved 
in suspension for 1  h and then washed and resuspended 
in serum‑free medium and CM was collected over a time 
course of 3 h. Beginning as early as 15 min, a time‑dependent 
increase in the accumulation of the low molecular weight 
16 kDa RGDKGE collagen fragment was observed in the 
CM (Fig. 2A). To confirm that the collagen fragment detected 
within the CM was actively secreted, CM was collected from 
cells that were first pre‑treated with the ER/Golgi inhibitor 

Brefeldin‑A, which inhibits protein secretion. As revealed in 
Fig. 2B, secretion of this collagen fragment was inhibited by 
Brefeldin‑A treatment. Similar findings were also observed 
with C32 and YUMM1.7 melanoma cells (Fig. S2A and B). 
These data are consistent with the ability of cells to secrete the 
soluble 16 kDa RGDKGE‑containing collagen fragment by an 
ER/Golgi dependent mechanism.

Previous studies indicated that knocking down collagen 
could reduce the levels of the RGDKGE‑containing collagen 
fragment in macrophages  (9). To confirm these findings, 
collagen was knocked down in Β16F10 cells (Fig. 2C) and 
the levels of the RGDKGE‑containing collagen fragment 
were examined. As expected, knocking down the a2 chain of 
collagen‑1 reduced the RGDKGE‑containing collagen frag‑
ment (Fig. 2D). Importantly, up to 20% of newly synthesized 
collagen can be proteolyzed intracellularly (8). Cathepsins 
represent a major family of intracellular enzymes capable 
of cleaving collagen. Therefore, it was examined whether 
cathepsins played a role in the generation of the low molecular 
weight RGDKGE‑containing collagen fragment. To test this 
possibility, Β16F10 cells were incubated with a cell permeable 
cathepsin inhibitor. As anticipated, treatment of melanoma 
cells with the cathepsin inhibitor reduced the levels of the 
RGDKGE‑containing collagen fragment (Fig. 2E). Similar 
results were also observed following treatment of C32 and 
YUMM1.7 melanoma cells (Fig. S2C and D). Collectively, 
these findings are consistent with a role for cathepsin in 

Figure 2. Secreted RGDKGE‑containing collagen fragment is generated by a cathepsin‑dependent process. (A) Western blot analysis of LY and serum‑free 
CM for the 16 kDa RGDKGE‑containing collagen fragment or loading control tubulin in non‑attached Β16F10 melanoma cells over a time course. (B) Western 
blot analysis of LY and serum‑free CM for the 16 kDa RGDKGE‑containing collagen fragment or loading control tubulin in non‑attached Β16F10 cells treated 
with Brefeldin‑A. (C) Quantification of the mean ± SEM fold change in Coll‑1(α2) mRNA in Coll‑1 (α2) specific shRNA transfected and non‑targeting control 
shRNA‑transfected Β16F10 cells. (D) Western blot analysis of whole cell lysates for the 16 kDa RGDKGE‑containing collagen fragment or loading control actin 
in non‑targeting (Cont shRNA) and Coll‑1 (α2) knockdown Β16F10 cells. (E) Western blot analysis of whole cell lysates for the 16 kDa RGDKGE‑containing 
collagen fragment or loading control tubulin in non‑attached Β16F10 cells treated with Cath‑In or control DMSO. LY, whole cell lysates; CM, conditioned 
medium; shRNA, shorth hairpin RNA; Cath‑In, cathepsin inhibitor. *P<0.05.



CARON et al:  THE RGDKGE-COLLAGEN FRAGMENT REGULATES PD-L18

generating the low molecular weight RGDKGE‑containing 
collagen fragment in these cells.

Selectively targeting the secreted RGDKGE‑containing 
collagen fragment reduces PD‑L1 levels. Previous studies 
indicated that blocking β3 integrin‑mediated interactions with 
the RGDKGE‑containing collagen fragment inhibits YAP 
nuclear accumulation in endothelial cells as well as ovarian 
carcinoma cells (9,10). Notably, both β3 integrin and YAP have 
been shown to regulate the levels of the immune checkpoint 
molecule PD‑L1 (11‑13). Thus, it was sought to determine 
whether the secreted RGDKGE‑containing collagen fragment 
may regulate PD‑L1. To begin these studies, the expression 
of PD‑L1 in Β16F10 cells was first confirmed. Consistent 
with previous studies (37), Β16F10 cells readily expressed 
PD‑L1 (Fig.  S3A). Next, it was confirmed that Β16F10 
cells use β3 integrin to bind to the RGDKGE‑containing 
collagen fragment. As expected, Β16F10 melanoma cells 
bind to the RGDKGE‑containing collagen fragment in a β3 
integrin‑dependent manner as Β16F10 cell interaction with 
P2 could be inhibited by anti‑β3 integrin antibody, but not 
by anti‑β1 integrin antibody or non‑specific control antibody 
(Fig. S3B).

Next, it was determined whether blocking the 
RGDKGE‑containing collagen fragment may affect PD‑L1 
levels. As revealed in Fig. 3A‑C, targeting the secreted collagen 
fragment with Mab XL313 reduced PD‑L1 by ~60‑80% in 
Β16F10, C32 and YUMM1.7 cells, while treatment of A375 
cells, which express little if any of the RGDKGE‑containing 
collagen fragment (Fig. 1C) had minimal impact on PD‑L1 

levels (Fig. 3D). Notably, PD‑L1 was also reduced in cells in 
which the secretion of the RGDKGE collagen fragment was 
inhibited with Brefeldin‑A (Fig. 3E), and the level of PD‑L1 
in Brefeldin‑treated cells could be restored to near control 
levels by the addition of exogenous RGDKGE‑containing 
collagen peptide P2, but not by treatment with control peptide 
CP (Fig. 3F). Previous studies have suggested that reduction 
of PD‑L1 in some tumor cell lines may affect cell growth 
and survival (38‑40). To this end, the effects of Mab XL313 
on Β16F10 cell cytotoxicity were first examined in  vitro. 
Incubation of Β16F10 cells with Mab XL313 failed to exhibit 
any significant effect on Β16F10 cell cytotoxicity compared 
with non‑specific control antibody (Fig. S3C). Next, the effects 
of anti‑XL313 Mab on cell growth were examined. Incubation 
of Β16F10 cells with Mab XL313 showed a small but signifi‑
cant inhibitory effect on cell growth (Fig. S3D), which was 
consistent with previously published results suggesting that 
reduction of PD‑L1 may impact Β16F10 tumor cell growth 
in vitro (38). Since β3 integrin can serve as a receptor for the 
collagen fragment, experiments were carried out to assess the 
effects of directly inhibiting β3 integrin may have on PD‑L1. 
Selectively targeting β3‑integrin with a function‑blocking anti‑
body also reduced the levels of PD‑L1 (Fig. S3E). Collectively, 
these data are consistent with an autocrine‑like pathway 
involving the secreted RGDKGE collagen fragment binding to 
β3‑integrin that regulates the levels of PD‑L1.

The ability of Mab XL313 to regulate PD‑L1 in Β16F10 
cells depends on YAP. Given our previous findings that the 
RGDKGE‑containing collagen fragment can regulate nuclear 

Figure 3. Selective targeting of the secreted RGDKGE‑containing collagen fragment reduces PD‑L1 levels in tumor cells. (A‑D) Western blot analysis of 
whole cell lysates for PD‑L1 or loading control tubulin in non‑attached (A) Β16F10, (B) YUMM1.7, (C) C32 and (D) A375 tumor cells treated for 1 h with 
anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific control (Ab Cont). (E) Western blot analysis of whole cell lysates for PD‑L1 or loading 
control tubulin in non‑attached Β16F10 cells treated with vehicle (Cont) or Bref‑A. (F) Western blot analysis of whole cell lysates for PD‑L1 or loading control 
tubulin in non‑attached Β16F10 cells treated with vehicle (Cont), Bref‑A, Bref‑A plus the RGDKGE‑containing collagen peptide P2 (Bref‑A + P2) or Bref‑A 
plus control peptide (Bref‑A + CP). PD‑L1, programmed death‑ligand 1; Bref‑A, Brefeldin‑A.
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accumulation of YAP (9,10), it was assessed whether the ability 
of this secreted collagen fragment to control PD‑L1 depends 
on YAP. First, it was confirmed that blocking the RGDKGE 
collagen fragment with Mab XL313 reduced nuclear YAP 
levels in Β16F10 cells. As expected, treatment of Β16F10 cells 
with anti‑XL313 Mab reduced nuclear YAP levels (Fig. 4A). 
Next, yap gene expression was knocked down in Β16F10 cells 
(Fig. 4B), and the ability of Mab XL313 to reduce PD‑L1 was 
compared in either control‑transfected (Β16F10‑NT) or in 
YAP knock‑down cells (Β16F10‑YAP‑K/D). While specifi‑
cally targeting the RGDKGE collagen fragment with Mab 
XL313 reduced PD‑L1 levels in control transfected cells 
(Fig. 4C), Mab XL313 failed to significantly alter PD‑L1 levels 
in YAP knock‑down cells (Fig. 4D). These data are consistent 
with a role for YAP in mediating the ability of this collagen 
fragment to regulate PD‑L1.

Selectively targeting the RGDKGE‑containing collagen 
fragment reduces PD‑L1 levels by a proteasome‑dependent 
mechanism. Studies have suggested that YAP can contribute 
to the control of PD‑L1 by regulating its transcription or indi‑
rectly by regulating the expression of cytokines and growth 
factors known to modulate PD‑L1 expression (11‑13,19,20). 
Given that the secreted RGDKGE‑containing collagen frag‑
ment can regulate PD‑L1, it was sought to examine possible 
mechanisms to account for this effect. Given the relatively 
rapid change in levels of PD‑L1 that can be observed within 
15  min of treating cells with Mab XL313 (Fig.  S4A), it 
appeared unlikely that this change was associated with altera‑
tions in transcription. Consistent with this notion, RT‑qPCR 
analysis of cells treated with either control antibody or Mab 
XL313 for 15 min resulted in no significant change in the 
levels of PD‑L1 mRNA (Fig. 5A). Moreover, targeting the 
RGDKGE‑containing collagen fragment with Mab XL313 
also failed to significantly affect PD‑L1 mRNA at later 
time‑points including 1 and 3 h (Fig. S4B and C), suggesting 
that the reduction of PD‑L1 protein was not related to changes 
in mRNA levels.

Changes in PD‑L1 protein can occur as a result of 
proteasome‑mediated degradation  (21‑23). Thus, it was 
examined whether the ability of Mab XL313 to alter PD‑L1 

was associated with proteasome activity. First, the ability of 
the XL313 antibody to reduce PD‑L1 levels was assessed in 
the presence or absence of the proteasome inhibitor MG132. 
As demonstrated in Fig.  5B, Β16F10 cells that were first 
pre‑treated with control DMSO and then treated with Mab 
XL313, exhibited reduced levels of PD‑L1. By contrast, no 
significant changes in PD‑L1 were detected following treat‑
ment of cells with Mab XL313 that had been pre‑treated with 
the proteasome inhibitor MG132 (Fig. 5B). Similar results were 
also observed with C32 and YUMM1.7 cells (Fig. S5A and B). 
These observations are consistent with the possibility that this 
collagen fragment may affect proteasome activity. The effects 
on proteasome activity of Brefeldin‑A, which inhibits secre‑
tion of the RGDKGE collagen fragment, were next examined. 
Notably, Brefeldin‑A treatment of Β16F10 cells significantly 
enhanced proteasome activity by nearly 1.7‑fold compared 
with control treatment (Fig. 5C). Given that Brefeldin‑A can 
inhibit secretion of this collagen fragment, the effects on 
proteasome activity of treating Β16F10 cells with exogenously 
added RGDKGE‑containing collagen peptide (P2) were next 
assessed. As revealed in Fig. 5D, treatment of cells with the 
RGDKGE‑containing collagen peptide P2 reduced protea‑
some activity compared with control peptide CP. Next, it was 
sought to determine the effects of selectively targeting the 
collagen fragment or its cell surface receptor integrin β3 may 
have on proteasome activity. As demonstrated in Fig. 5E and F, 
targeting either the RGDKGE collagen fragment with Mab 
XL313 or its cell surface receptor with anti‑β3 antibody 
enhanced the relative proteasome activity compared with 
controls. Collectively, these new findings are consistent with 
the notion that inhibiting the RGDKGE‑containing collagen 
fragment controls PD‑L1 levels through modulation of protea‑
some activity.

The ability of the RGDKGE‑containing collagen fragment to 
control PD‑L1 depends on regulation of PKA activity. Prior 
evidence indicated that proteasome activity can be controlled 
in part, by PKA (41‑44). Previous studies also suggested that 
integrin dependent signaling may suppress PKA activity 
in certain cell types  (45,46). These observations coupled 
with studies indicating cross talk signaling between PKA 

Figure 4. Reduction of PD‑L1 levels in Β16F10 cells by selectively targeting the RGDKGE collagen fragment depends on YAP. (A) Western blot analysis 
of nuclear extracts for YAP or loading control TBP in Β16F10 cells treated with anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific 
control (Ab Cont). (B) Western blot analysis of cell whole cell lysates for YAP or loading control tubulin in control non‑targeting shRNA (NT‑shRNA) and 
Yap‑shRNA knock down Β16F10 cells. (C) Western blot analysis of whole cell lysates for PD‑L1 or loading control tubulin in non‑attached control trans‑
fected Β16F10 cells (Β16F10‑NT) treated with anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific control (Ab Cont). (D) Western blot 
analysis of whole cell lysates for PD‑L1 or loading control tubulin in non‑attached Yap‑knock down transfected Β16F10 cells (Β16F10‑YAP/K/D) treated with 
anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific control (Ab Cont). PD‑L1, programmed death‑ligand 1; shRNA, short hairpin RNA; 
Mab, monoclonal antibody.
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and YAP (47,48), prompted the authors to examine whether 
PKA plays a role in the ability of the RGDKGE‑containing 
collagen fragment to control PD‑L1 in our model. First, it 
was examined whether YAP may affect the PKA activity. 
As revealed in Fig.  6A, the levels of PKA activity were 
elevated in cells in which YAP was knocked down. Since the 
RGDKGE‑containing collagen fragment can control YAP 
nuclear localization, the impact this collagen peptide had on 
PKA activity was assessed. As shown in Fig. 6B, stimulation 
of Β16F10 cells with exogenously added RGDKGE collagen 
peptide P2, reduced the levels of PKA activity compared with 
control peptide CP. Taking into consideration these results, it 
was sought to determine whether the ability of Mab XL313 to 
control the levels of PD‑L1 may depend on PKA. Treatment 
of Β16F10 cells with Mab XL313 enhanced the relative levels 
of PKA activity compared with control antibody‑treated cells 
(Fig. 6C). In similar experiments, a function blocking antibody 
directed to β3 integrin, a receptor for the RGDKGE collagen 
fragment, also enhanced the relative levels of PKA activity in 
Β16F10 cells (Fig. 6D).

Finally, it was sought to determine whether the ability of 
Mab XL313 to reduce PD‑L1 depended on PKA by carrying 
out experiments in the presence or absence of PKA inhibitor 
H89. As demonstrated in Fig. 6E, while treatment of Β16F10 
cells with Mab XL313 under control (DMSO)‑treated condi‑
tions reduced the levels of PD‑L1, similar experiments 

performed with cells pre‑treated with the PKA inhibitor failed 
to demonstrate significantly altered PD‑L1 levels (Fig. 6E). 
Similar studies were carried out with a second PKA inhibitor 
(KT5720) which demonstrated similar results (Fig.  S6A). 
Moreover, blocking PKA activity also prevented the ability 
of Mab XL313 to alter PD‑L1 in C32 and YUMM1.7 cells 
(Fig. S6B and C, respectively). Collectively, these novel find‑
ings are consistent with a role for the RGDKGE‑containing 
collagen fragment in controlling PD‑L1 by a mechanism that 
involves PKA.

The in vivo inhibitory activity of Mab XL313 depends on 
levels of tumor‑associated PD‑L1. The functional role of 
integrin‑mediated signaling in controlling angiogenesis and 
tumor growth is well established (49‑52). However, while the 
overall therapeutic strategy of directly targeting integrins such 
as αvβ3 to control tumor growth has shown activity in animal 
models and in human clinical studies  (49‑52), the overall 
impact of this approach has been limited (52). Among some of 
the possible reasons for the modest therapeutic benefit include 
the complexity of the cellular processes controlled by integ‑
rins such as αvβ3, which include both pro‑tumorigenic and 
anti‑tumorigenic signaling (53‑58). Importantly, the ability of 
integrin signaling to control tumors depends on the functional 
contributions of the distinct cell types that express the integrin 
and the nature of the signaling pathways disrupted by directly 

Figure 5. Reduction of PD‑L1 levels in Β16F10 cells by selectively targeting the RGDKGE collagen fragment is mediated by proteasome. (A) Quantification 
of the mean ± SEM fold change in PD‑L1 mRNA levels in non‑attached Β16F10 cells treated for 15 min with non‑specific control antibody (Ab Cont) or 
anti‑RGDKGE collagen fragment antibody (Mab XL313) from 3 independent experiments. (B) Western blot analysis of whole cell lysates for PD‑L1 or control 
tubulin in non‑attached Β16F10 cells pre‑treated with either control buffer DMSO or the proteasome inhibitor MG132, then treated with anti‑RGDKGE 
collagen fragment antibody (Mab XL313) or non‑specific control (Ab Cont) for 15 min. (C and D) Quantification of the mean ± SEM fold from 4 independent 
experiments change in the relative levels of proteasome activity in Β16F10 cells (C) treated with either vehicle control or Bref‑A and (D) treated with control 
peptide CP or the RGDKGE‑containing collagen peptide P2. (E) Quantification of the mean ± SEM fold change in the relative levels of proteasome activity in 
Β16F10 cells treated with either anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific control (Ab Cont) from 3 independent experiments. 
(F) Quantification of the mean ± SEM fold change in the levels of proteasome activity in Β16F10 cells treated with anti‑β3 integrin antibody (Anti‑β3) or 
non‑specific control (Ab Cont) from 3 independent experiments. *P<0.05. PD‑L1, programmed death‑ligand 1; Bref‑A, Brefeldin‑A.
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targeting the integrins. Thus, a therapeutic strategy that selec‑
tively targets a pro‑tumorigenic ligand of the integrin rather 
than the integrin receptor itself, may provide a therapeutically 
effective alternative strategy.

Taking into consideration the present studies indicating 
that disrupting cellular interactions with the secreted 
RGDKGE‑containing collagen fragment could reduce PD‑L1 
and inhibit tumor growth, it was sought to determine whether 
the antitumor activity of Mab XL313 depended on the levels 
of PD‑L1. To this end, the antitumor effects of Mab XL313 on 
the growth of Β16F10 tumors that had reduced levels of PD‑L1 
were examined (Fig. S7). As revealed in Fig. 7A and B and 
Table SIII, Mab XL313 inhibited the growth of control‑trans‑
fected Β16F10 tumors. By contrast, treatment of mice with 
Mab XL313 failed to significantly alter Β16F10 tumor growth 
in which PD‑L1 was knocked down (Fig.  7C  and  D and 
Table SIV). These findings are consistent with the capacity of 
Mab XL313 to inhibit tumor growth that depends on levels 
of PD‑L1. Taken together, the present studies are consistent 
with a working model by which selectively targeting the 
secreted RGDKGE‑containing collagen fragment prevents 

it from binding and signaling through integrin β3, thereby 
reducing the levels of nuclear localized YAP and enhancing 
PKA activity, which ultimately contributes to the reduction of 
PD‑L1 by controlling its proteasomal‑mediated degradation 
(Fig. 7E).

Discussion

It has been suggested that alterations in collagen density, fiber 
orientation as well as its molecular architecture correlates with 
phenotypic changes in different malignant tumors (59‑63). In 
fact, second harmonic generation imaging of tumor biopsies 
has revealed unique collagen organizational signatures 
between normal tissues and tumors (59‑63). Biophysical altera‑
tions in collagen structure can alter signaling that controls cell 
adhesion, migration and proliferation, and selective targeting 
of certain cryptic collagen elements can inhibit angiogenesis, 
tumor growth and metastasis in animal models (3,9,10,31,64). 
These and other findings not only implicate collagen as an 
important regulator of malignant tumors, but also suggests 
that discrete changes in its geometrical configuration play 

Figure 6. Reduction of PD‑L1 levels in Β16F10 cells by selectively targeting the RGDKGE collagen fragment depends on PKA activity. (A) Quantification 
of the mean ± SEM fold change in the relative levels of PKA activity in non‑attached control‑transfected Β16F10 cells (Β16F10‑NT) or Yap‑shRNA knock 
down Β16F10 cells (Β16F10‑YAP/K/D) from 3 independent experiments. (B) Quantification of the mean ± SEM fold change in the relative levels of PKA 
activity in non‑attached Β16F10 cells treated with non‑specific control peptide CP or RGDKGE‑containing collagen peptide P2 for 15 min from 3 independent 
experiments. (C) Quantification of the mean ± SEM fold change in the relative levels of PKA activity in non‑attached Β16F10 cells treated with non‑specific 
control antibody (Ab Cont) or anti‑RGDKGE collagen fragment antibody (Mab XL313) for 15 min from 3 independent experiments. (D) Quantification of the 
mean ± SEM fold change in the relative levels of PKA activity in non‑attached Β16F10 cells treated with either non‑specific control antibody (Ab Cont) or 
anti‑β3 integrin antibody (Anti‑β3) for 15 min from 3 independent experiments. (E) Western blot analysis of whole cell lysates for PD‑L1 or control tubulin in 
non‑attached Β16F10 cells pre‑treated with either control buffer DMSO or the PKA inhibitor H89, then treated with anti‑RGDKGE collagen fragment antibody 
(Mab XL313) or non‑specific control (Ab Cont) for 15 min. *P<0.05. PD‑L1, programmed death‑ligand 1; PKA, protein kinase‑A; Mab, monoclonal antibody.



CARON et al:  THE RGDKGE-COLLAGEN FRAGMENT REGULATES PD-L112

distinct roles in stimulating signaling cascades that control 
tumor progression.

In addition to alterations in the biophysical features of 
insoluble collagen fibers, evidence suggested that certain 
circulating fragments of collagen correlate with aggressive 
behavior of a variety of histologically different tumor types, 
including, colon, breast and pancreatic carcinomas, as well as 
melanomas (65‑68). High levels of circulating collagen frag‑
ments not only correlate with more aggressive disease, but also 
correlate with poor clinical outcomes following therapeutic 
intervention (65‑68). For example, studies have correlated poor 
clinical responses in humans treated with immune checkpoint 
inhibitors targeting CTLA‑4 and PD‑1/PD‑L1, with high 
levels of circulating collagen fragments (14,15). While these 
studies provided evidence of the differential levels of soluble 
collagen peptides during tumor progression and treatment, 
little evidence is available as to whether these fragments play 
direct functional roles in controlling tumor growth. Evidence 
suggested that soluble collagen‑derived fragments may not 
only represent useful biomarkers, but may also have biological 

activity. In this regard, an MMP‑2 generated proteolytic frag‑
ment of the a1chain of collagen type‑I (C‑1158/59) has been 
detected in human plasma and a synthetic peptide corre‑
sponding to this fragment demonstrated the ability to alter 
fibroblast migration, angiogenesis, fibrosis, wound healing, 
and ventricle dilation (69). Moreover endotrophin, a bioac‑
tive fragment of the a3 chain of collagen type‑VI, modulates 
recruitment of macrophages and endothelial cells and regu‑
lates angiogenesis and tumor growth in vivo (70). These and 
other studies suggested that soluble collagen fragments indeed 
play roles in regulating tumor growth in vivo.

Our laboratory identified an RGDKGE‑containing collagen 
peptide that was initially discovered as an endogenously 
secreted bioactive collagen fragment from M2‑like macro‑
phages  (9). This collagen fragment was shown to regulate 
nuclear accumulation of YAP in endothelial cells and control 
cytokine‑induced angiogenesis in vivo (9). The expression of 
this collagen fragment was not simply restricted to activated 
M2‑like macrophages, but could also be expressed by tumors 
such as ovarian carcinomas (10). In fact, this collagen peptide 

Figure 7. Inhibition of Β16F10 tumor growth by Mab XL313 depends on PD‑L1 levels. (A) Example of changes in control non‑targeting Β16F10 tumor 
size following treatment of mice with Mab XL313 or control antibody (Ab Cont) (scale bar, 1 cm). (B) Quantification of the effects of anti‑RGDKGE 
collagen fragment antibody (Mab XL313) or non‑specific control antibody (Ab Cont) on the growth of control non‑targeting transfected Β16F10 tumor cells 
(Non‑Targeting‑Β16F10). Arrow indicates start of treatment with antibodies. Data points indicate the mean ± SEM tumor volumes (n=10‑11 per group). P‑value 
indicates comparison to control at each time point. (C) Example of changes in PD‑L1‑K/D Β16F10 tumor size following treatment of mice with Mab XL313 
or control antibody (Ab Cont), (scale bar, 1 cm). (D) Quantification of the effects of anti‑RGDKGE collagen fragment antibody (Mab XL313) or non‑specific 
control antibody (Ab Cont) on the growth of Β16F10 tumor cells in which PD‑L1 levels have been knocked down (PD‑L1‑K/D Β16F10). Arrow indicates 
start of treatment with antibodies. Data points indicate the mean ± SEM tumor volumes (n=10 per group). (E) Working model of a potential mechanism by 
which selectively targeting the endogenously generated RGDKGE collagen fragment may regulate PD‑L1 levels. Blocking the secreted RGDKGE‑containing 
collagen fragment with anti‑XL313 Mab inhibits this collagen fragment from binding and signaling through integrin β3, thereby reducing the levels of nuclear 
YAP and enhancing PKA activity, which contributes to the reduction of PD‑L1 by enhancing proteasomal‑mediated degradation. *P<0.05 vs. control at each 
time point. PD‑L1, programmed death‑ligand 1; Mab, monoclonal antibody; PKA, protein kinase‑A.
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was capable of regulating nuclear accumulation of YAP in 
ovarian carcinoma cells by a mechanism associated with 
modulating the phosphorylation of the hippo effector kinase 
LATS1 (10). Selectively blocking binding of the RGDKGE 
collagen fragment led to enhanced LATS1 phosphorylation, 
and increased phosphorylation of YAP, which ultimately 
reduced the levels of nuclear YAP, and inhibited ovarian tumor 
growth in vivo (10).

While YAP is considered to regulate cell growth, it can 
also differentially control cell migration by modulating 
cytoskeletal dynamics as well as the expression and activity 
of small GTPases including ARHGAP29 (71‑73). In certain 
cell types, YAP can also control the expression of the immune 
checkpoint molecule PD‑L1 (11‑13). While evidence indicated 
that targeting PD‑L1 can help to control the growth of a 
variety of different tumor types, only a fraction of subjects 
treated with current anti‑PD‑L1 antagonists show significant 
and durable responses (14‑17,19,20,39). Thus, it is important to 
develop a more in‑depth understanding of the various mecha‑
nisms by which the levels of PD‑L1 are controlled, as well 
as the unique functional impact of this immune checkpoint 
molecule has in different cell types. Recent evidence continues 
to provide new understanding of the complicated roles played 
by PD‑L1 during tumor growth. For example, beyond the well 
characterized effects of PD‑L1 in regulating immune evasion 
through binding to PD‑1, studies have also uncovered evidence 
for tumor cell intrinsic signaling by PD‑L1, thereby helping to 
control multiple processes such as regulating gene expression, 
proliferation, apoptosis and cell cycle control (74‑77). In addi‑
tion to cell surface expression of PD‑L1, the release of soluble 
forms of PD‑L1 can also contribute to regulating growth of 
tumors (78). Moreover, a recent study revealed that differential 
sub‑cellular localization of PD‑L1 in the nucleus of certain 
cell types, may help actively control cell survival and apop‑
tosis (79). Given the diversity of functions of cell‑associated 
and soluble forms of PD‑L1, uncovering new mechanisms 
by which PD‑L1 expression can be controlled may help 
in designing new strategies to limit therapeutic resistance 
and enhance the antitumor activity of immune checkpoint 
inhibition.

In this regard, unique mechanisms by which PD‑L1 can 
be regulated continue to be uncovered as investigators have 
provided evidence for the ability of Fusobacterium nucleatum 
to regulate PD‑L1 in colorectal cancer (80). In addition, a recent 
study also demonstrated a novel pathway by which RNA‑RNA 
cross‑talk can function in‑conjunction with RICTOR to 
control PD‑L1 expressing exosomes that affect hepatocellular 
carcinoma tumor growth (81). In further studies, metformin 
has been shown to help control PD‑L1 levels by a unique 
mechanism involving ERAD‑associated proteasome‑medi‑
ated degradation of this immune checkpoint molecule (23). 
Notably, recent studies have also shown that metformin can 
affect YAP which is also known to regulate PD‑L1 (23,82). 
In fact, the ability of metformin to control PD‑L1 in some 
cell types may depend at least in part, on the activation of 
the Hippo signaling leading to enhanced phosphorylation of 
YAP and reduced levels of nuclear YAP (82). These studies 
provided additional understanding of the complicated roles 
played by YAP in its ability to control both PD‑L1 expression 
as well as tumor growth.

Adding to the complexity by which YAP controls cellular 
behavior, YAP may exhibit opposing functions on tumor 
growth depending on the cell type it is functioning in. While 
enhanced YAP activity has been shown to promote the growth 
of several tumor types such as ovarian carcinomas and mela‑
nomas, other studies have implicated YAP in suppressing 
breast and liver cancers  (10,11,31,83,84). These seemingly 
contradictory findings may be explained at least in part, by the 
differential roles that YAP plays in different cell types, as well 
as the different functional contributions of each unique cell 
type has on tumor growth. While YAP has been shown to play 
a role in regulating cytoskeletal dynamics required for efficient 
tumor cell motility (71,73) it may have the opposite effects in 
certain immune cell subsets (85,86). In this regard, reducing 
YAP activity can inhibit tumor growth and reduce T‑Reg infil‑
tration of tumors, while by contrast, blocking YAP activity may 
enhance CD8+ T‑cell motility and tumor infiltration (85‑87). 
Moreover, previous studies have also demonstrated a role for 
YAP in regulating the pro‑tumorigenic effects of macrophages 
as well as promoting the secretion of chemotactic factors 
that help recruit myeloid‑derived suppressor cells  (88‑90). 
Therefore, a more in‑depth analysis of the differential roles of 
YAP within distinct cellular compartments that control tumor 
growth is of critical importance as it relates to developing 
novel YAP based therapeutic strategies for the treatment of 
cancer (91).

In the present study, evidence was provided that the 
RGDKGE‑containing cryptic collagen fragment can be 
secreted in a soluble form by an ER/Golgi‑dependent mecha‑
nism. Additionally, this secreted collagen fragment can bind 
to β3 integrin in melanoma cells in an autocrine‑like manner. 
Selectively targeting this collagen fragment can regulate 
nuclear accumulation of YAP that is independent from mecha‑
nisms associated with cell adhesion and spreading, as Mab 
XL313 treatment reduced nuclear YAP levels in melanoma 
cells held in suspension. These observations are consistent 
with previous studies indicating that YAP activation and its 
nuclear accumulation can occur by multiple mechanisms, 
including adhesion independent pathways (78).

As aforementioned, both YAP as well as integrin 
signaling has been implicated in regulating the levels of the 
immune‑checkpoint molecule PD‑L1. The present studies 
suggested for the first time, to the best of our knowledge, that 
specifically targeting the RGDKGE collagen fragment can lead 
to a reduction in the levels of PD‑L1. The reduction in PD‑L1 
observed following treatment with Mab XL313 depended on 
YAP, as Mab XL313 failed to reduce PD‑L1 in cells in which 
YAP was knocked down. Moreover, targeting β3 integrin with 
a function blocking antibody also reduced PD‑L1 levels. These 
observations are consistent with the concept that blocking 
binding of this collagen peptide to β3 integrin results in 
suppressing an autocrine‑like signaling cascade that controls 
PD‑L1 levels. While studies have implicated β3 integrin 
signaling in regulating PD‑L1 gene expression (29), the ability 
of Mab XL313 to reduce PD‑L1 levels was not associated with 
significant changes in PD‑L1 mRNA.

Notably, while targeting the secreted RGDKGE collagen 
fragment with Mab XL313 inhibited PD‑L1 levels, Mab Xl313 
failed to significantly reduce PD‑L1 in cells pre‑treated with 
the proteasome inhibitor, indicating that the ability of Mab 
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XL313 to reduce PD‑L1 in these cells required proteasome 
activity. The proteasome functions as a major regulator of 
signaling cascades by rapidly controlling the levels of effector 
molecules  (92). For example, cell attachment to the ECM 
protein fibronectin induced alterations in the small GTPases 
Rac and CDC42, ultimately leading to enhance proteasome 
activity and enhanced degradation of the cyclin dependent 
kinase P21CIP1 (93). Notably, members of both the β1 and β3 
integrin subfamilies can bind to fibronectin and mediate down‑
stream signaling from this ECM molecule. These studies are 
consistent with the possibility that integrin‑mediated signaling 
can differentially affect proteasome function. Consistent 
with this notion, treatment of neuroblastoma cells with a β1 
integrin binding fibronectin peptide resulted in inactivation 
of β1 integrin, which enhanced proteasome dependent degra‑
dation of Myc proteins (94). These observations are similar 
to the present studies, in which the selective blockade of the 
RGDKGE‑containing collagen peptide binding to β3 integrin 
resulted in enhanced proteasome‑mediated degradation of 
PD‑L1.

While the relative levels of cellular proteasome activity 
can be affected by multiple mechanisms, notably, previous 
studies have implicated PKA in regulating proteasome 
activity (41‑44). Integrin signaling can differentially regu‑
late PKA activity (45,46) and play roles in regulating YAP 
activity, angiogenesis, tumor growth and metastasis (47,48). 
Given the ability of Mab XL313 to reduce the levels of 
nuclear YAP, it was examined whether reducing YAP may 
affect the levels of PKA activity. The findings of the present 
study suggested that reducing the levels of YAP can enhance 
PKA activity in Β16F10 cells. Moreover, stimulation with 
the synthetic RGDKGE‑containing collagen peptide (P2) 
reduced PKA activity, while direct targeting of this collagen 
fragment or its cell surface receptor β3 integrin, enhanced 
PKA activity. Currently, the exact molecular mechanism by 
which the RGDKGE collagen fragment functions through 
β3 integrin to control PKA activity, and how YAP and PKA 
contributes to the control of proteasome activity are not 
completely understood. To this end, it would be interesting 
in the future to make use of FRET‑based PKA sensors to 
study how the RGDKGE collagen fragment may function 
through β3 integrin in cells to regulate PKA and proteasome 
activity in order to define this signaling pathway in more 
detail.

Direct targeting of β3 integrin has demonstrated anti‑
tumor activity in animal models as well as in human subjects, 
however the overall therapeutic activity was limited. Among 
the possible explanations for this limited antitumor activity, 
the complex and opposing roles played by β3 integrin in 
distinct stromal cell compartments are included  (50‑53). 
The opposing roles played by different stromal cell types on 
tumor progression have been illustrated by studies focusing 
on the impact of differentially polarized stromal cells on 
tumor growth. For example, in the case of cancer associated 
fibroblast (CAFs), conflicting outcomes using a strategy to 
target CAFs to inhibit tumor growth have been observed, as 
depleting fibroblast activation protein expressing fibroblasts 
resulted in reduced tumor growth in pancreatic cancer, 
while depletion of αSMA‑expressing fibroblasts resulted in 
more aggressive disease (95,96). In addition, macrophages 

can also have opposing roles in tumor progression, as 
demonstrated by the fact that while M1‑like macrophages 
help eliminate tumor cells, M2‑like macrophage, as well as 
myeloid‑derived suppressor cells, are considered to promote 
tumor growth (57,58,89). Finally, while infiltration of CD8+ 
cytotoxic T‑cells play roles in inhibiting tumor growth, regu‑
latory T‑cells can help facilitate tumor progression (85‑87). 
Given the fact that these stromal cell types may differentially 
express integrins including β3 integrin  (85‑90,92,93), a 
clinical strategy that seeks to directly target the global func‑
tion of β3 integrin in all cell types including stromal cells 
such as M1‑like macrophages and CD8+ effector T‑cells, may 
result in suboptimal clinical outcomes, and actually limit the 
overall effectiveness of this therapeutic strategy. Developing 
novel approaches to control β3 integrin signaling within 
the pro‑tumorigenic cellular compartments without directly 
targeting β3 integrin itself, may allow for a new alternative 
approach to selectively control pro‑tumorigenic signaling 
from β3 integrin without disrupting its anti‑tumorigenic 
activity (57,58,97,98).

While our previous studies have shown that anti‑XL313 
antibody can inhibit the growth of ovarian tumors, which 
was associated with altered regulation of nuclear YAP, the 
ability of YAP to affect the growth of different types of tumor 
can vary considerably (10,11,31,83,84). In the present study, 
previous studies by the authors were extended and several new 
experimental findings that substantially improve our current 
understanding of how the RGDKGE collagen fragment may 
function were provided. First, it was demonstrated that the 
ability of the anti‑XL313 Mab to inhibit tumor growth is not 
restricted to ovarian tumors, but can also affect the growth 
of other tumor types such as melanoma and mammary 
carcinomas in  vivo. In addition, it was revealed that the 
RGDKGE collagen fragment can be generated inside cells by a 
cathepsin‑associated mechanism and can be released extracel‑
lularly in a soluble form by an ER/Golgi dependent process. 
Moreover, evidence was provided for the first time, for a previ‑
ously unappreciated ability of the RGDKGE collagen fragment 
to function in an autocrine‑like manner to regulate the levels 
of PD‑L1 by a PKA and proteasome‑dependent mechanism. 
Collectively, these novel findings provided important new 
insight into the roles by which the soluble RGDKGE collagen 
fragment may affect tumor growth.

In summary, new evidence was provided that selectively 
targeting a secreted pro‑tumorigenic ligand of β3 integrin, 
instead of directly targeting β3 integrin itself, can inhibit 
Β16F10 and 4T1 tumor growth in vivo. While Mab XL313 
significantly inhibited control transfected Β16F10 tumors, 
this antibody failed to inhibit the growth of Β16F10 tumors 
in which PDL‑1 was knocked down, indicating an important 
role for PD‑L1 in the ability of the RGDKGE collagen frag‑
ment to control Β16F10 tumor growth in vivo. Taken together, 
our studies provided evidence for an autocrine‑like signaling 
pathway involving β3 integrin that provides tumor cells with 
the ability to regulate proteasome‑mediated control of PD‑L1 
by modulating the activity of PKA and YAP. Moreover, our 
new findings may help in establishing a selective new alterna‑
tive strategy to control pro‑tumorigenic activity of β3‑integrin 
signaling without directly disrupting β3 integrin's tumor 
suppressing functions in other cell populations.
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