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ARTICLE INFO ABSTRACT

Keywords: PD-L1 is critical for tumor cell escape from immune surveillance by inhibiting T cell function via the PD-1
PD-L1 receptor. Accumulating evidence demonstrates that anti-PD-L1 monoclonal antibodies might potently enhance
Colorectal cancer (CRC) antitumor effects in various tumors, but the effect of PD-L1 on colorectal cancer stem cells (CSCs) remains
Cancer stem cells (CSCs) unclear. We observed high PD-L1 expression in CD133*CD44* colorectal CSCs and CSC-enriched tumorspheres.
HMGAL Altering PD-L1 expression promoted colorectal CSC self-renewal by increasing the expression of stemness genes,
the CD133*CD44™" cell population sizes and the ability to form tumorspheres. Additionally, PD-L1 expression
was markedly increased in chemoresistant colorectal cancer (CRC) cells in vitro and in vivo. More importantly,
PD-L1 enhanced CRC cell tumorigenicity in nude mice; the inoculation of 1 x 10* cells resulted in high tumor
formation efficiency. Mechanistically, PD-L1 directly interacted with HMGA1, and HMGA1 upregulation by PD-
L1 activated HMGA1-dependent pathways, including the PI3K/Akt and MEK/ERK pathways, and promoted CSC
expansion. HMGA1 downregulation rescued the PD-L1-induced phenotypes, highlighting the role of HMGA1 in
PD-L1-mediated colorectal CSC self-renewal. Moreover, PD-L1 expression was correlated with the expression of
CSC markers and HMGAL in clinical CRC specimens. Thus, PD-L1 could crucially contribute to the maintenance

of CSC self-renewal by activating HMGA1-dependent signaling pathways.

1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-related
mortality worldwide [1]. Although surgical resection is an efficient
method for CRC therapy, cancer recurrence and distant metastases re-
main major problems in CRC treatment [2,3]. Due to their acquisition
of normal stem cell traits, such as self-renewal, multipotency and a
limitless proliferation potential [4,5], cancer stem cells (CSCs) are
currently considered responsible for the occurrence, progression and
recurrence of all types of tumors [6-8]. Thus, the identification of
specific molecules that target CSCs may be an effective approach for
eradicating CRC.

The effect of the immune system on eliminating tumor cells was
recently recognized after the great success of blocking PD-L1, a T cell
inhibitor expressed on T cells, B cells, and natural killer T cells that is
considered one of the most significant members of the B7 family [9,10].

The binding of PD-L1 with PD-1 delivers the effective inhibitory signal
that negatively regulates T cell or other immune cell functions and is
critical for maintaining the homeostasis of the immune system. PD-L1
was recently found to be upregulated in a variety of cancer cells, which
results in the transmission of inhibitory signals and thereby in im-
munosuppression via a PD-1-—PD-Ll-mediated interaction between
tumor cells and T cells [11,12]. Nevertheless, aside from its known
effect on the immunological response, PD-L1 expression plays an in-
herent role in tumor cells themselves, where it works as a “molecular
shield” to protect cancer cells from cytolysis [13]. Nevertheless, the
mechanism through which PD-L1 exerts this effect on colorectal CSCs
remains largely unknown.

In this study, we investigated the role of PD-L1 in regulating CSC
properties and further clarified that PD-L1 maintains colorectal CSCs by
activating HMGA1-dependent signaling pathways.
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Fig. 1. PD-L1 levels are elevated in colorectal CSCs.
(A) The PD-L1 expression levels in tumorspheres and tumor-
attached CRC cells were compared by qRT-PCR and Western

HCT116 blotting.
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2. Materials and methods
2.1. Colorectal cell lines

HT29 and HCT116 CRC cell lines were cultured in RPMI 1640
medium containing 10% fetal bovine serum (FBS) and were maintained
at 37 °C with 5% CO.,.

2.2. Establishment of drug-resistant HCT116 cells

To obtain drug-resistant cells, HCT116 cells were exposed to in-
creasing concentrations of 5-fluorouracil (5-FU) ranging from 10 to
80 uM or cisplatin ranging from 10 to 80 ug/ml in complete medium.
Briefly, HCT116 cells were cultured in 60-mm culture plates for 24 h,
and after 10 pM 5-FU or 10 pg/ml cisplatin was added to the medium,
and the cells were further incubated for 48 h. The medium was then
replaced with drug-free fresh medium, and the cells were incubated
until they reached 90% confluence. Subsequently, the cells were re-
plated and re-exposed to a double dose of the drug. This process was
repeated until the cells exhibited resistance to 80 uM 5-FU or 80 pg/ml
cisplatin. The living cells after exposure to increasing concentrations of
5-FU and cisplatin for about 2 months were collected, termed drug-
resistant cells and used for subsequent experiments.

2.3. Clinical samples

Primary CRC tissues and adjacent normal tissues were collected

from Guangzhou First People's Hospital, Guangdong, China. Written
informed consent from all the subjects and approval from the Ethics
Committee of Guangzhou First People's Hospital were obtained for the
use of human biological materials for research purposes. In all, 20 CRC
and 20 adjacent normal specimens were used for qRT-PCR analysis, and
a cohort of 100 CRC specimens was collected for analysis of the asso-
ciation of PD-L1 expression with the expression of stem cell markers
and HMGAL.

2.4. Tumor sphere formation assay

CRC cells were harvested and counted, and 5000 cells in serum-free
DMEM-F12 (Gibco) containing EGF (20 ng/ml, PeproTech), b-FGF
(10 ng/ml, PeproTech), and B27 (1:50 dilution, BD Biosciences) were
plated in each well of six-well ultralow attachment plates (Corning, NY,
USA). After one week, the formed tumor spheres were counted under a
phase-contrast microscope.

2.5. Determination of CD133%CD44™ cell percentages by flow cytometry

The CD1337CD44* cell ratio was analyzed by fluorescence-acti-
vated cell sorting (FACS) according to the manufacturer's recommended
protocol (MACS Miltenyi Biotec). The cells were washed and re-
suspended in phosphate-buffered saline (PBS). Subsequently, 10 ul of
anti-CD133/1 (AC133)-phycoerythrin (PE) antibody and 10 pl of anti-
CD44-fluorescein isothiocyanate (FITC) antibody were added to 100 ul
of cell suspension, and the mixture was mixed well and incubated for
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Fig. 2. PD-L1 overexpression increases colorectal CRC self-renewal.

(A) The mRNA levels of ALDH1, ABCG2, Bmi-1, and Oct4 in PD-L1-expressing and shPD-L1-expressing CRC cells were determined by qRT-PCR.

(B) The protein levels of ALDH1, ABCG2, Bmi-1 and Oct4 in PD-L1-expressing and shPD-L1-expressing CRC cells were determined via Western blot analysis.

(C) PD-L1 promotes CRC cell proliferation. The colony sizes are shown in the left panels, and the colony numbers are shown in the right panels.

(D) PD-L1 promotes CRC cell tumor sphere formation. The tumor sphere sizes are shown in the left panels, and the tumor sphere numbers are shown in the right
panels.

(E) PD-L1 increases the percentages of CD133%CD44 % cells in the PD-L1- and shPD-L1-expressing CRC cell populations.
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Fig. 3. PD-L1 expression is associated with the chemoresistance of CRC.
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(A) PD-L1- and shPD-L1-expressing CRC cells were treated with 50 or 100 uM 5-FU for 48 h, and the cell survival percentages are shown.
(B) PD-L1- and shPD-L1-expressing CRC cells were treated with 10 or 50 pg/ml cisplatin for 48 h, and the cell survival percentages are demonstrated.

(C) The mRNA levels of drug resistance-related genes were detected by RT-PCR.

(D) Morphology of 5-FU-resistant HCT116 cells established in vitro through continuous exposure to 5-FU (200 X ).

(E) The expression of PD-L1 in the 5-FU-resistant HCT116 cells was assessed via qRT-PCR and Western blotting.

(F) The expression levels of stemness genes (Oct4, ABCG2 and Bmi-1) in the 5-FU-resistant HCT116 cells were assessed via qRT-PCR.

(G) Morphology of cisplatin-resistant HCT116 cells established in vitro through continuous exposure to 5-FU (200 X ).

(H) The expression of PD-L1 in the cisplatin-resistant HCT116 cells was assessed via QqRT-PCR and Western blotting.

(I) The expression levels of stemness genes (Oct4, ABCG2 and Bmi-1) in the cisplatin-resistant HCT116 cells were assessed via QqRT-PCR.

(J) A total of 1 x 10° HCT116 cells were subcutaneously inoculated into nude mice. HCT116 cell-derived xenograft tumors were cut into pieces with a volume of
0.1 cm® and subcutaneously inoculated into 10 nude mice. The mice were administered five intratumoral injections of 2 mg/kg 5-FU or PBS every other day. The
residual tumor tissues enriched in 5-FU-resistant cells were resected for subsequent experiments.

(K) The expression of PD-L1 in the 5-FU-resistant xenograft tumors was assessed via qRT-PCR and IHC.

(L) The expression levels of stemness genes (Oct4, ABCG2 and Bmi-1) in the 5-FU-resistant xenograft tumors were assessed via qRT-PCR.

(M) HCT116 cell-derived xenograft tumors were inoculated subcutaneously into 10 nude mice. The mice were administered five intratumoral injections of 2 mg/kg
cisplatin or PBS every other day. The residual tumor tissues enriched in cisplatin-resistant cells were resected for subsequent experiments.

(N) The expression of PD-L1 in the cisplatin-resistant xenograft tumors was assessed via QqRT-PCR and IHC:

(0) The expression levels of stemness genes (Oct4, ABCG2 and Bmi-1) in the cisplatin-resistant xenograft tumors were assessed via qRT-PCR.

15 min in the dark at 4 °C. After two washes with PBS, the cell pellet
was resuspended in 400-500 pl of PBS and maintained on ice until flow
cytometric analysis.

2.6. Sorting of CD133"CD44™" CRC cells by flow cytometry

CRC cells (HCT116 and HT29) were labeled with the CD44-FITC
and CD133-PE antibodies as described above. The CD1337CD44 " cells
and non-CD133"CD44 " cells were sorted by flow cytometry for tumor
sphere formation assays.

2.7. qRT-PCR

The total RNA from CRC cells was extracted with TRIzol reagent
(TaKaRa), and cDNA was synthesized using a PrimeScript RT reagent
kit (TaKaRa) following the manufacturer's recommended protocol.
mRNA expression levels were analyzed by qRT-PCR using SYBR Green
Premix ExTaq (TaKaRa). The primers used in the qRT-PCR assay are
listed in Supplementary Table S3. GAPDH was utilized for the nor-
malization of mRNA expression. The fold changes were estimated using
the 2744 method.

2.8. Western blot analysis and antibodies

Cells were collected and lysed in RIPA containing protease and
phosphatase inhibitors. Protein lysates were separated by SDS-PAGE
and transferred to a PVDF membrane (Millipore). The membranes were
first probed with the indicated primary antibodies listed in
Supplementary Table S4 and then with an HRP-labeled secondary an-
tibody. The hybridization signal bands were visualized using enhanced
chemiluminescence (CWBIO Technology). GAPDH was used as the
protein loading control.

2.9. Mass spectrometry analysis

As described previously, the tryptic peptides were measured and
analyzed using a nanoUPLC-ESILTQ Orbitrap mass spectrometer [14].
The mass spectrometer was operated following the manufacturer's re-
commended protocol. Only he proteins identified by unique peptides
were considered, and the proteins identified by the same set of peptides
were grouped.

2.10. Immunoprecipitation (IP) analysis

Immunoprecipitates were obtained by co-immunoprecipitation (Co-
IP) according to the manufacturer's instructions. Using this approach

allows the isolation of protein complexes from cell lysates using pur-
ified antibodies on an agarose support. After washing and elution, the
immunoprecipitates were subjected to Western blot assays.

2.11. GST-pull down assay

For pull-down assay, 300ug HIS-HMGA1l protein,200ul im-
mobilized GST-tag purification resin and 100 pg GST-PD-L1 protein
were added to 1000 pl of pull down buffer (50 mM Tris, 150 mM NacCl,
0.1% Triton X-100, 1 mM PMSF, 1% protease inhibitor cocktail [pH
8.0]), then incubated at 4 °C for 16 h. As negative control, 300 ug HIS-
HMGA1 protein was incubated with 200 pl immobilized GST-tag pur-
ification resin and 100 pg GST protein. Resin were washed three times
with the pull-down buffer. Retained proteins were released by adding
2 X loading buffer and boiled for 5 min at 95 °C, then resolved by SDS-
PAGE and subsequently subjected to Western blot analysis.

2.12. Lentiviral plasmids

The pLV-PD-L1-puro-EGFP, pLV-shPD-L1-puro-EGFP, pLV-HMGA1-
puro-EGFP and pLV-shHMGA1-puro-EGFP plasmids were purchased
from GeneCopoeia, and the lentiviral packaging plasmids pMD2.G and
psPAX2 were provided by Prof. Dong Xiao (Cancer Research Institute,
Southern Medical University, China). The scramble sequence was
5-GCTTCGCGCCGTAGTCTTA-3’. The shRNAs targeting PD-L1 se-
quences were as follows: 5’-CCCATTAATACTCTGGTTGAC-3’ (shRNA-
1); 5-CCTGTTGTGATAACCACTATT-3’ (shRNA-2); and 5-GCCTTTGC
CATATAATCTAAT-3’ (shRNA-3). The shRNAs targeting HMGA1 se-
quences were as follows: 5-CAACTCCAGGAAGGAAACCAA-3’ (shRNA-
1); and 5-CCTTGGCCTCCAAGCAGGAAA-3’ (shRNA-2). For gene
knockdown, the shRNA oligonucleotides were ligated into the lentivirus
vector (pU6-EGFP-IRES-Puro), and lentiviral packaging and infection
were performed. For gene overexpression, the lentivirus plasmid vector
pCMV-ORF-EGFP-IRES-Puro was used for infection.

2.13. Lentivirus production and transduction

To establish stable CRC cell lines, recombinant lentiviruses (pLV-
PD-L1-puro-EGFP, pLV-shPD-L1-puro-EGFP, pLV-HMGA1-puro-EGFP
and pLV-shHMGA1-puro-EGFP) were established as previously de-
scribed [15] and were transduced into HCT116 and HT29 cells for 72 h.
Virus-infected CRC cells were then selected with puromycin at a con-
centration of 4 ug/ml and subjected to a green fluorescent protein assay
with an inverted fluorescence microscope (Nikon, Japan).
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Fig. 4. PD-L1 promotes the tumorigenesis of HCT116 cells in vivo.
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(A) For the in vivo limiting dilution assay, PD-L1- and vector-expressing control cells were injected subcutaneously into nude mice. A representative image is shown.
(B) Tumor growth curves of tumors in nude mice injected with HCT116 cells expressing PD-L1 (LV-PD-L1) or vector control (LV-con). Once the tumors became
palpable, the PD-L1-expressing tumors grew at a higher rate than the vector-expressing control tumors in all mice. Significant differences were obtained among the

injections of 10°, 10° and 10* cells.

(C) Weights of tumors from nude mice injected with HCT116 cells expressing PD-L1 (LV-PD-L1) or vector control (LV-con).
(D) The expression levels of PD-L1, ALDH1 and Bmi-1 in PD-L1-expressing or control tumors were determined via IHC.
(E) Tumors of PD-L1-expressing cells formed at an earlier time point and developed at a faster rate than those of control cells. The formation of tumors was checked

for 20-35 days after the injection.

2.14. Tumor xenograft experiments in nude mice

The animal experiments were approved by the Ethics Committee for
Animal Experiments of South China University of Technology. All nude
mice were purchased from the Medical Laboratory Animal Center of
Guangdong Province. To evaluate tumor growth, PD-L1- or shPD-L1-
expressing HCT116 cells were resuspended at different concentrations
in a mixture of PBS and Matrigel (1:1) and were subcutaneously in-
jected into the left (control group) and right (experimental group)
dorsal thighs of each mouse. The tumor growth was detected regularly,
and the volume was calculated using formula V. = (L x 12)/2, where L
and 1 are the long and short diameters of the tumor, respectively. All the
mice were sacrificed when they reached the ethical endpoint, and the
tumor tissues were further processed for histological analysis.

2.15. IHC staining and antibodies

To further evaluate the association of PD-L1 with CSC-related
markers and HMGA1, we performed IHC analysis using the routine
protocols. The primary antibodies used for IHC are listed in
Supplementary Table S5. The staining intensity was scored as negative
(0), weak (1), moderate (2) or strong (3). The staining extent was
scored as 1 (< =10%), 2 (11-50%), 3 (51-75%) or 4 (> 75%). A total
expression score was calculated by multiplying the score of the staining
intensity with that of the staining extent.

2.16. Statistical analysis

The statistical analyses were performed using the SPSS 17.0 soft-
ware package and GraphPad 5.0. A two-tailed Student's t-test was used
for comparisons between two independent groups. The mixed model
analysis of variance (two-way ANOVA) was employed for the evalua-
tion of in vivo tumorigenesis. The data are presented as the
means * SDs. *P < 0.05 and **P < 0.01 were defined as indicating
statistical significance.

3. Results
3.1. PD-L1 is highly expressed in colorectal CSCs

In view of the close relationship between colorectal CSCs and che-
moresistance, we examined the expression of PD-L1 in colorectal CSCs.
As shown in Fig. 1A, PD-L1 expression was significantly higher in CSC-
enriched tumorspheres than in monolayer-cultured cells, and PD-L1
expression was further elevated in passaged spheroids (Fig. 1B and C).
Compared with non-CD133*CD44™" cells, CRC cells that were either
CD133" or CD44™", which are considered colorectal CSCs, exhibited
enhanced PD-L1 expression (Fig. 1D). Consistently, CD1337CD44"
CSCs sorted from trypsinized spheroids of CRC cells displayed even
higher PD-L1 levels than did CD1337CD44~ CSCs (Fig. 1E). Thus, we
concluded that PD-L1 is highly expressed in colorectal CSCs.

3.2. PD-L1 promotes the expansion of colorectal CSCs

To explore the role of PD-L1 in the regulation of colorectal CSCs,
PD-L1- and shPD-L1-expressing stably transfected CRC cells and their

corresponding control CRC cells were utilized. CSC-associated genes
(ALDH1, Bmi-1, ABCG2 and Oct4) have frequently been utilized to
recognize CSCs in clinical tissues and many cancer cell lines. To assess
the role of altering PD-L1 expression in the expression of stemness-re-
lated genes in CRC cells, cancer stem cell markers were detected by
qRT-PCR and Western blotting. As indicated in Fig. 2A and B, compared
with control cells, PD-L1-overexpressing and PD-L1-depleted cells
showed substantially increased and reduced expression of stemness-
associated genes (i.e., Oct4, ABCG2, ALDH1 and Bmi-1), respectively.
These findings indicate that PD-L1 induces alterations in the levels of
stem cell markers.

The colony formation assay revealed significantly higher and lower
numbers of colonies in PD-L1-expressing and shPD-L1-expressing CRC
cells, respectively, compared with the numbers in empty vector-ex-
pressing cells (Fig. 2C). Previous studies reported that CSCs can form
tumor spheroids in a serum-free, non-adhesive environment and can
even be enriched under these conditions [16]. Therefore, we examined
the capacity of PD-L1- and shPD-L1-expressing stably transfected CRC
cells to form tumor spheroids through an in vitro tumorsphere forma-
tion assay. As shown in Fig. 2D, PD-Ll-overexpressing cells formed
more spheres than did the vector control cells, as expected, and the
opposite result was observed for shPD-Ll-overexpressing cells.
CD133%CD44" cells have been reported to exhibit CSC characteristics.
As shown in Fig. 2E, PD-L1 and shPD-L1 overexpression increased and
reduced the percentages of CRC CD133%CD44 " cells, respectively.
Therefore, we concluded that PD-L1 can promote the self-renewal ca-
pacity of colorectal CSCs and can thereby enhance the size of these
populations.

3.3. PD-L1 expression is correlated with chemoresistance

To explore the relationship between PD-L1 expression and che-
moresistance, we first tested whether PD-L1- and shPD-L1-expressing
CRC cells have different sensitivities to 5-FU and cisplatin. The data
demonstrated that PD-L1-expressing and shPD-L1-expressing cells were
more resistant and more sensitive to chemical agents than were vector-
expressing cells, respectively (Fig. 3A and B). Moreover, multiple drug-
resistance genes, such as those encoding multidrug resistance protein 1
(MDR1) and multidrug protein (MRP), were preferentially expressed in
PD-L1-expressing cells compared with vector cells; in contrast, the ex-
pression levels of these genes were lower in shPD-L1-expressing cells
than in vector cells (Fig. 3C).

To further determine whether PD-L1 expression is upregulated in
drug-resistant cell lines, we developed 5-FU- or cisplatin-resistant cells
derived from HCT116 cells in vitro. As shown in Fig. 3D and G, 5-FU- or
cisplatin-resistant cells exhibited an elongated spindle shape, whereas
the control cells showed a rounded appearance. Interestingly, PD-L1
expression was found to be upregulated in 5-FU- or cisplatin-resistant
cells by qRT-PCR and Western blotting (Fig. 3E, H). In addition, the
mRNA expression levels of stemness-related genes (Bmi-1, ABCG2 and
Oct4) were also higher in 5-FU- or cisplatin-resistant cells than in the
control cells (Fig. 3F, I). These results might indicate that PD-L1 is
upregulated in 5-FU- or cisplatin-resistant cells endowed with CSC
characteristics.

For the in vivo experiments, CRC xenografts resistant to 5-FU were
established as shown in Fig. 3J. PD-L1 expression was significantly



F. Wei, et al.

A

Tocus 1.1.1.1469.10 File:"20180716_JKR_PBI-18030026-IP.wiff"

n 26*003

Relative Intensity (%)

Seq: RQPPVSPGTALVGSQREPSEVPTPK

Cancer Letters 450 (2019) 1-13

é S Y14 Y13 Y12 yn
i ¢ KJQJPJPJVJSIPJGITJA{L IVIG (SJQIK (E fp fsjE fvjp (T (P ﬁ(
8 z b2 b3 bs bs bs b7 bs bs b1 b1t b2 b1a b1s 19 b21
& § 3 g
o] 3 3 g
g . )
29 3 & B:2 2
i H g 38 % g
& 2 i B ife 2 3
RNl N P
1ﬂ|D 200 200 400 500 600 700 800 800 10'0!1 ‘!2'00 14'00 ‘Iflﬂﬂ .
miz
D g HT29
HIS-HMGA1 + * 23 =3 LV-con
© @ LV-PD-L1
GST-PD-L1 - + ﬁ 3 LV-shSCR
P GST o - 2 % @@ LV-shPD-L1
PD-L1 - + Input anti-HMGA1 _ < HIS-HMGA1 8
o1
- >
po-L1 [T aious [ s vmens 2
@9
Hmea1 [ oot [ osro: SO eor  waad
1P <GST-PD-L1 ] HCT116
HMGA1 - + Input g) 25
©
nmaar [T ant-osT s
T 15
Lo
PD-L1 © 10
= 0.5
@ 00
4 PD-L1 HMGA1
HT29 HCT116 HT29 HCT116 F HT29 HCT116
- o & E & 2 cells Spl cells Sp
s g ¢ ¢ 08 § f : -
2 3 3 2 3 3 3 3 S g
— § %
3 2

3 LV-con
&8 LV-PD-L1
10 *k ok -~
8
o
£ 6
b
3
» 4
; il B
o.

HMGA1 p-MEK p-ERK p-AKT

(caption on next page)



F. Wei, et al.

Cancer Letters 450 (2019) 1-13

Fig. 5. PD-L1 interacts with HMGA1 and activates HMGA1-dependent signaling pathways.

(A) Representative MS/MS spectra of the peptides from HMGA1.

(B) The immunoprecipitates of PD-L1 were purified using anti-PD-L1 antibody and were separated by SDS-PAGE. The presence of HMGA1 was analyzed by Western
blotting. The immunoprecipitates of HMGA1 were purified using anti-HMGA1 antibody and were separated by SDS-PAGE. The presence of PD-L1 was analyzed by

Western blotting. Normal IgG was used as the negative control.

(C) Recombinant GST or GST-PD-L1 fusion proteins purified by glutathione-Sepharose were incubated with HIS-HMGA1-transfected cell lysates, and the bound
proteins were analyzed by Western blotting with anti-HMGAI, anti-HIS, anti-PD-L1 and anti-GST antibodies.

(D) The expression levels of PD-L1 and HMGA1 in CRC cells transfected with different lentivirus plasmids were determined by qRT-PCR.

(E) The protein levels of HMGAL1 and related signaling pathway proteins in CRC cells transfected with different lentivirus plasmids were determined by Western

blotting.

(F) The protein levels of HMGA1, Oct4 and related signaling pathway proteins in attached and spheroid CRC cells (LV-shPD-L1 versus LV-shSCR) were determined by

Western blotting.

(G) The upregulation of PD-L1 increased the expression levels of HMGA1, p-AKT, p-MEK and p-ERK1/2 in tumor sections, as revealed by immunohistochemical

staining (HCT116-PD-L1 versus HCT116-con).

higher in the 5-FU-resistant CRC residual cells than in the control cells,
as demonstrated by qRT-PCR and IHC (Fig. 3K), and the stemness-re-
lated gene (Oct4, ABCG2 and Bmi-1) expression levels were also in-
creased in the 5-FU-resistant CRC residual cells (Fig. 3L). Similarly, CRC
xenografts resistant to cisplatin were established using the same pro-
tocol (Fig. 3M). Interestingly, enhanced PD-L1 and stemness-related
gene (Oct4, ABCG2 and Bmi-1) expression levels were detected in the
cisplatin-resistant CRC residual cells (Figure 3N, O), indicating that PD-
L1 expression was related to chemoresistance. Collectively, these data
revealed a correlation between PD-L1 expression and chemoresistance.

3.4. PD-L1 increases the number of tumor-initiating cells in vivo

As indicated above, PD-L1 promoted the stemness of CRC cells in
vitro. We then evaluated the effects of PD-L1 on the tumorigenicity of
CRC cells in nude mice using a limiting dilution assay. The data pre-
sented in Fig. 4A and E shows that the injection of 1 x 10,1 x 10° and
1 x 10* PD-L1-expressing HCT116 cells into nude mice resulted in
tumor development in 100% (6/6), 83.3% (5/6) and 75% (6/8) of the
mice, respectively, whereas the injection of the same numbers of con-
trol cells led to tumor development in 100% (6/6), 83.3% (5/6) and
50% (4/8) of the mice, respectively. As shown in Fig. 4B and E, the
growth rates of the PD-L1-overexpressing tumors were substantially
higher than those of the control tumors. The injection of 1 x 10° PD-L1-
expressing or control cells led to the formation of tumors that appeared
at the same time; however, as the number of injected cells was reduced
to 1 x 10° or 1 x 10*, the first palpable tumor in the PD-L1-over-
expressing group appeared 6 or 9 days earlier, respectively, than the
first palpable tumor in the control group. After 20-35 days, the mice
were sacrificed, and the tumors were weighed (Fig. 4C). The data de-
monstrated that the tumors formed with PD-L1-expressing CRC cells
were heavier than those formed with the vector control cells, and the
expression levels of PD-L1, ALDH1 and Bmi-1 in the PD-L1-expressing
tumors were higher than those in the control tumors (Fig. 4D). There-
fore, PD-L1 promotes the formation of tumor-initiating cells in CRC.

Furthermore, we assessed the effects of PD-L1 on the tumorigenicity
of CRC cells in nude mice using HCT116 cells in which endogenous PD-
L1 was silenced (Fig. S1). Our results showed that shPD-L1 delays the
formation of tumor-initiating cells in CRC (Fig. S1).

3.5. PD-L1 interacts with HMGA1 and activates HMGA1-dependent
signaling pathways

To gain insight into the mechanism through which PD-L1 maintains
the stemness of colorectal CSCs, we used mass spectrometry to identify
a possible protein with which PD-L1 directly interacts. A total of 19
differentially expressed proteins were identified between the IP sample
and the IgG sample (Fig. S2 and Table S1). Following a literature
search, HMGA1, a protein associated with CSC self-renewal, was se-
lected as a candidate PD-L1-interacting protein. HMGA1 was detected
from the PD-L1 immunoprecipitate with unique peptides, and the

representative mass spectra are shown in Fig. 5A. As shown in Fig. 5B
and Fig. S3, the coimmunoprecipitation experiment revealed that
HMGA1 was pulled down by PD-L1. Moreover, PD-L1 was also detected
by the immunoprecipitation of HMGA1. We also performed a GST pull-
down assay, and the capacity of the GST-PD-L1 affinity resin to speci-
fically retain in vitro-translated HIS-labeled HMGA1 was analyzed. As
shown in Fig. 5C and Fig. S4, HMGA1 was retained by GST-PD-L1 but
not GST alone, validating a reciprocal direct interaction between PD-L1
and HMGAL. To further validate whether PD-L1 can regulate HMGA1
and its downstream signaling pathways, we compared HMGA1 ex-
pression among PD-L1- and shPD-L1-expressing cells and the corre-
sponding control cells. qRT-PCR and Western blotting assays revealed
that PD-L1 overexpression led to the upregulation of HMGA1, p-AKT, p-
MEK and p-ERK expression, whereas PD-L1 silencing resulted in sig-
nificant downregulation of HMGA1, p-AKT, p-MEK and p-ERK expres-
sion (Fig. 5D and E). As shown in Fig. 5F, PD-L1 depletion notably
suppressed HMGA1, p-AKT, p-MEK and p-ERK expression in CRC CSCs
compared with the expression levels in attached CRC cells, indicating
that PD-L1 regulates HMGAL1 and its downstream signaling pathways in
CRC CSCs. The immunohistochemical staining of tumor sections from
xenografts demonstrated that the upregulation of PD-L1 significantly
increased the expression of HMGA1 and the levels of p-AKT, p-MEK,
and p-ERK in PD-Ll-overexpressing tumors (Fig. 5G). Collectively,
these results indicate that PD-L1 interacts with HMGA1 and activates
HMGA1-dependent signaling pathways in CRC.

3.6. PD-L1 promotes the self-renewal of colorectal CSCs by increasing
HMGA1 expression

To analyze the relationship between HMGA1 and PD-L1, we further
investigated whether the stable shRNA-mediated knockdown of
HMGA1l in PD-Ll-overexpressing CRC cells could downregulate
HMGAI1-dependent signaling pathways and whether stable HMGA1
overexpression in PD-L1-silenced CRC cells could reactivate HMGA1-
dependent signaling pathways. As shown in Fig. 6A, HMGA1 over-
expression markedly increased the levels of p-AKT, p-MEK and p-ERK in
CRC cells, similar to the effect of PD-L1 overexpression. In addition, the
silencing of endogenous HMGA1 in PD-L1l-overexpressing CRC cells
decreased the levels of p-AKT, p-MEK and p-ERK. As expected, HMGA1
silencing decreased p-AKT, p-MEK and p-ERK, as observed in PD-L1-
silenced CRC cells. Furthermore, the overexpression of HMGAL1 in PD-
L1-silenced CRC cells restored the levels of p-AKT, p-MEK and p-ERK.

To understand whether the PD-Ll-induced promotion of CRC
stemness maintenance is mediated by HMGA1, we performed gain- and
loss-of-function experiments. First, we examined the role of HMGAL1 in
the stemness maintenance of CRC cells. As shown in Fig. 6, the gain of
HMGAL function increased the expression of stemness-related markers
(Oct4 and Bmi-1) (Fig. 6A) and promoted tumorsphere and colony
formation by CRC cells, similar to the effects of PD-L1 overexpression
(Fig. 6B and C). As expected, the opposite results were found in the
HMGAL loss-of-function experiments (Fig. 6B and C). Subsequently, we
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Fig. 6. PD-L1 promotes the self-renewal of colorectal CSCs by increasing HMGA1 expression.
(A) The differences in protein levels among CRC cells transfected with different plasmids were analyzed by Western blotting.
(B) PD-L1 promoted the formation of tumorspheres of CRC cells by activating HMGA1-dependent signaling pathways. The sphere sizes and densities are shown.

Original magnification: 200 x .

(C) PD-L1 promoted the formation of colonies of CRC cells by activating HMGA1-dependent signaling pathways. The colony densities are shown.
(D) Schematic diagram showing the effect of PD-L1 on the stemness of colorectal cancer cells via HMGA1-dependent MEK/ERK and AKT signaling pathways.

investigated whether the ectopic expression of shHMGA1/HMGA1 re-
verses the PD-L1-induced alteration of stemness gene expression and
tumor sphere and colony formation by CRC cells. We found that
shHMGA1 reversed the upregulation of stemness-related marker

10

expression (Fig. 6A) and abrogated the promotion of tumor sphere and
colony formation induced by PD-L1 in CRC cells (Fig. 6B and C).
Conversely, HMGA1 overexpression in shPD-L1-expressing cells abro-
gated the downregulation of stemness gene expression (Fig. 6A) and
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Fig. 7. Association between PD-L1 expression and HMGA1 and stem cell-related marker expression.

(A) The expression levels of PD-L1, ALDH1, ABCG2, Bmi-1 and Oct4 in CRC samples and control normal samples were detected by qRT-PCR. N = normal, T = tumor.
(B) PD-L1 expression was positively correlated with the ABCG2, ALDH1, Bmi-1 and Oct4 expression levels in CRC tissue samples.

(C) PD-L1 expression was positively correlated with the ABCG2, Bmi-1 and Oct4 expression levels in CRC tissue samples, as determined by IHC.

(D) The mRNA expression levels of PD-L1 and HMGA1 in CRC biopsy samples and control normal biopsy samples were measured by qRT-PCR. N = normal,

T = tumor.

(E) PD-L1 expression was positively correlated with HMGA1 expression in CRC tissue samples.
(F) PD-L1 expression was positively correlated with HMGA1 expression in CRC tissue samples, as determined by IHC.

tumor sphere and colony formation induced by shPD-L1 in CRC cells
(Fig. 6B and C). Taken together, these results suggest that HMGAL1 is
involved in the PD-L1l-induced maintenance of the stemness of CRC
cells.

Based on the above-presented data, we propose that PD-L1 regulates
CRC CSC self-renewal by modulating HMGA1-dependent signaling
pathways, including the MEK/ERK and AKT pathways (Fig. 6D).
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3.7. Association of PD-L1 expression with HMGA1 and stem cell-related
marker expression in CRC patients

To determine the potential correlations between PD-L1 expression
and stem cell marker expression in CRC tissues, we obtained total RNA
from 20 adjacent normal tissue samples and 20 CRC tissue samples and
analyzed the mRNA levels of ALDH1, ABCG2, Bmi-1 and Oct4 by qRT-
PCR. Our research indicated that PD-L1 and the CSC-related markers
were clearly upregulated in the CRC samples in comparison with the
adjacent normal samples (Fig. 7A). In addition, we further showed that
PD-L1 expression was positively related to ALDH1, ABCG2, Bmi-1 and
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Oct4 expression (Fig. 7B). Furthermore, high PD-L1 expression was
associated with high ABCG2, Bmi-1 and Oct4 expression in the CRC
biopsies, as determined by IHC (Fig. 7C and Table S2). Statistical
analyses revealed significant positive correlations between the expres-
sion levels of ABCG2, Bmi-1 and Oct4 and that of PD-L1 in the 100 CRC
biopsies.

In addition, we performed qRT-PCR and IHC analyses to identify the
associations between HMGA1 and PD-L1 expression in the CRC biop-
sies. HMGA1 was upregulated in the CRC tissue compared with the
normal tissue (Fig. 7D), and PD-L1 expression was positively correlated
with HMGAL1 expression (Fig. 7E and F and Table S2). Statistical ana-
lyses demonstrated a significant positive association between HMGA1
and PD-L1 expression in the 100 CRC biopsies.

4. Discussion

Accumulating evidence indicates that human tumors are stem cell
diseases and that only a minor population of tumor cells with CSC
characteristics might be responsible for tumor occurrence, development
and chemoresistance [17]. Tumor recurrence after surgical resection
might also be due in part to CSCs [18]. As reported by the CSC hy-
pothesis, CRC can be deemed a disease in which mutations transform
normal stem cells into abnormal stem cells responsible for tumor oc-
currence and development [19]. Therefore, it is important to clarify the
molecular mechanism underlying colorectal CSC regulation to develop
novel therapeutic strategies targeting CSCs. Here, we report that PD-L1
plays a critical role in colorectal CSC expansion that is independent of
its immune checkpoint role. In addition, we provide intriguing evidence
showing that PD-L1 directly interacts with HMGA1l and activates
HMGAI1-dependent signaling pathways, leading to the acceleration of
CRC development.

CSCs are believed to be enriched by chemotherapy due to their
unique survival mechanisms [20]. In our study, PD-L1-expressing CRC
cells were resistant to therapeutic agents (e.g., 5-FU and cisplatin), and
PD-L1 induced the increased expression of drug resistance genes. In
addition, colorectal CSCs were enriched through the establishment of
chemoresistant cells and chemoresistant CRC xenograft tumors, and the
expression of PD-L1 in these chemoresistant cells and xenografts was
significantly upregulated. Given the significance of CSCs in cancer re-
currence and chemoresistance, we researched the role of PD-L1 in
colorectal CSCs. The culture of tumor spheres comprised of tumor cells
is a regular approach for the enrichment of CSCs. We found high PD-L1
expression in CRC tumorspheres and even higher PD-L1 expression in
serially passaged tumorspheres. Currently, CD44 and CD133 are ac-
cepted as the predominant biomarkers of colorectal CSCs. We observed
high PD-L1 expression in CD133"CD44* CRC cells and even higher PD-
L1 expression in CD133*CD44* tumorspheres. Thus, our data showed
that PD-L1 expression was increased in colorectal CSCs.

PD-L1 was previously reported to play a prosurvival role in cho-
langiocarcinoma stem cells, and the deletion of PD-L1 increased tu-
morigenesis and CSC phenotypes [21]. In contrast, PD-L1 over-
expression enhances the self-renewal capacity of breast CSCs and
leukemia-initiating cells (LICs) [13,22]. High PD-L1 expression has also
been reported in colorectal CSCs [23].However, the role of PD-L1 in
CSCs remains largely unclear. Our research indicates that PD-L1 in-
duces a stem cell-like state, as confirmed by an improved self-renewal
capacity and increases the number of cancer stem cells in vivo. This
discovery was verified by the formation of tumor spheres, an increased
population of CD133*CD44™" cells and increased expression of CSC-
related markers, such as ALDH1, ABCG2, Bmi-1 and Oct4. In addition,
our studies revealed that these CSC markers are upregulated in CRC
tissue in comparison with tumor-adjacent normal tissue. Previous re-
ports have proven that ALDH1, ABCG2, Oct4 and Bmi-1 play important
functions in the tumorigenesis and development of CRC [24]. These
findings indicate that PD-L1 is critical for colorectal CSC expansion.

To date, few studies have focused on clarifying the mechanism of
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PD-L1 in colorectal CSCs. Interestingly, Fang et al. found that PD-L1
plays an essential role in the proliferation of LICs. The PD-L1/JNK/
Cyclin D2 signaling pathway promotes cell cycle entry in lymphoma
stem cells [22]. Almozyan et al. showed that CD274 promotes Oct4 and
Nanog expression in breast CSCs by activating the PI3K/AKT signaling
pathway [13]. However, the mechanism of PD-L1 in CSCs remains
largely unclear. Here, we found that PD-L1 significantly increased the
levels of p-AKT, p-MEK and p-ERK in CRC cell lines. Importantly, such
alterations in expression also occurred in vivo, as revealed by the im-
munohistochemical staining of xenograft tumor sections. However, the
mechanism through which PD-L1 regulates the expression of the MEK/
ERK and PI3K/AKT signaling pathways awaits further investigation.

The findings of a previous study indicated that doxorubicin can
downregulate the expression of PD-L1 on the surface membrane and
can promote its nuclear translocation in breast cancer cells [25]. It has
also been reported that nuclear PD-L1 expression in colorectal cancer
patients is significantly associated with short survival durations [26]. In
this study, we found that an increase in the expression of PD-L1 in the
nucleus (Fig. 4D) activates nuclear MEK/ERK and PI3K/AKT signaling
pathways. Furthermore, the effect of PD-L1 on the nuclear fraction of
ERK and particularly that of AKT, which plays a significant role in CSC
self-renewal and tumorigenesis, supports an exclusive role in nuclear
interactive pathways.

To further demonstrate the molecular mechanisms involved in PD-
L1-mediated self-renewal activity, we performed a mass spectrometry
analysis of the proteins from PD-L1- and vector-expressing CRC cells.
Our data showed that HMGA1 was one of most differentially expressed
proteins in PD-L1- and vector-expressing CRC cells. HMGA1 is a
structural transcription factor that is located in the nucleus and has
transcription-regulatory functions. The HMGA1 protein has been re-
ported to be overexpressed in various human cancers, including pan-
creatic adenocarcinoma and breast and colon cancers [27-29]. In ad-
dition, Belton and colleagues have demonstrated that HMGA1 promotes
cell proliferation and polyp formation in the intestines of HMGAI-
transgenic mice and results in metastatic development and stem cell-
like characteristics in colon cancer cells [27]. Moreover, HMGA1 can
regulate MAPK-ERK1/2 signaling through the phosphorylation of Shc
(leading to the activation of Ras, Raf and ultimately ERK1/2). Fur-
thermore, HMGA1 is able to increase PI3K-AKT signaling by promoting
PIP3-dependent processes and AKT and PKC activation [28,29]. In CRC,
the knockdown of PD-L1 decreased and the overexpression of PD-L1
increased HMGA1 expression, and HMGA1 was found to be involved in
the maintenance of CRC cell stemness. In addition, we found that PD-L1
directly interacted with HMGA1 and significantly increased the levels
of p-MEK, p-ERK1/2 and p-Akt in CRC cells. Importantly, such altera-
tions in expression also occurred in vivo, as revealed by the im-
munohistochemical staining of xenograft tumor sections. Therefore, we
concluded that PD-L1 promotes CSC expansion by targeting HMGA1
and consequently activating the PI3K-Akt and MEK-ERK pathways in
CRC.

Regarding the interaction between PD-L1 and HMGA1, a reciprocal
interaction between PD-L1 and HMGA1 was observed by mass spec-
trometry and coimmunoprecipitation. We further performed a GST
pull-down assay to validate the direct interaction between PD-L1 and
HMGAL1, and the results showed that HMGA1 was retained by GST-PD-
L1 but not GST alone. Future studies will verify the specific domain in
PD-L1 that is critical for its interaction with HMGA1 and will delineate
which region of HMGAL1 is necessary for association with PD-L1. This
study provides the first demonstration that PD-L1 directly interplays
with HMGAL to further activate the PI3K-Akt and MEK-ERK pathways
in CRC. Our current findings help elucidate the effects of PD-L1 on
colorectal CSC expansion and provide a detailed molecular mechanism
explaining the efficacy of PD-L1 in modulating CSCs. As a result, PD-L1
might be an optimal target in colorectal CSC-targeted therapy.

To date, a phase II clinical trial revealed that the administration of
pembrolizumab (an anti-PD-L1 Mab) yielded partial objective response
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rates of 40% and 0% in dMMR and pMMR CRC patients, respectively
[30]. The phase II trial by Overman et al. [31] is the largest im-
munotherapy trial in CRC and highlights a partial response to nivo-
lumab alone or in combination with ipilimumab in 31% of micro-
satellite instability (MSI) patients versus 10% of microsatellite stability
(MSS) patients. Despite these encouraging results, it is clear that most
MSI CRCs do not respond to immunotherapy; this finding represents the
rationale for testing other markers that are able to predict cancer po-
pulations who will be eligible for personalized immune approaches
[32].

A retrospective study of a CRC cohort with and without MSI clearly
demonstrated the types and densities of inflammatory cells populating
the tumor microenvironment and analyzed their PD-L1 expression, and
the results identified three different tumor groups: group A (non-PD-L1-
expressing neoplastic cells (NCs) and tumor-infiltrating immune cells
(IICs)), group B (PD-L1-expressing IICs), and group C (PD-L1-expressing
NCs and IICs). Group A is characterized by tumors with poor im-
munogenic competence and a poor immune response but massive
granulocyte infiltrates, justifying the absence of PD-L1 as an im-
munoinhibiting receptor. Group B is likely characterized by more im-
munogenic CRCs, justifying the strong IICs-mediated immune response,
and PD-L1 expression is upregulated only on IICs. Group C is likely
characterized by CRCs with large amounts of tumor neo-antigens, re-
sulting in a marked infiltration of lymphocytes and PD-L1-upregulating
NCs. This study prompted us to assess PD-L1 expression in both NCs and
IICs to better stratify CRCs with different immunological patterns [32].

Thus, the utility of PD-L1 in personalized medicine for CRC patients
is worthy of further investigation.
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