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Programmed death-ligand 1 (PD-L1) is a co-inhibitory molecule expressed on

tumor cells. Immune checkpoint inhibitors focusing on the PD-L1 mechanism

are now being studied for the treatment of various cancer types. However,

the regulatory mechanism of PD-L1 is yet to be fully clarified, and a high-

throughput system for comparing the abilities of small compounds in regulat-

ing PD-L1 has not yet been established. Therefore, we created a HiBiT-

tagged lung adenocarcinoma cell line, PC9-KI, for easier and faster detection

of changes in PD-L1 protein expression. Using PC9-KI cells, we screened

1280 chemical compounds from the Library of Pharmacologically Active

Compounds and identified microtubule polymerization inhibitors and thapsi-

gargin as PD-L1 upregulators and a p97 inhibitor as a PD-L1 downregula-

tor.

Keywords: chemical compound; endogenous protein; HiBiT; high-

throughput screening; PD-L1

The tumor microenvironment is composed of not only

tumor cells but also various immune cells such as infil-

trated T cells, tumor-associated macrophages, and nat-

ural killer cells. In the tumor microenvironment,

tumor cells express various cytokines, chemokines, and

ligands, which help them survive [1]. Programmed

death-ligand 1 (PD-L1) is a factor considered to be a

promising target for tumor therapy. High expression

of PD-L1 by tumor cells induces anergy by directly

binding to programmed cell death 1 (PD-1) receptors,

making it possible for the tumor cells to evade the

immune system [2]. Immune checkpoint inhibitors such

as anti-PD-1 and anti-PD-L1 antibodies are now used

for many cancer types, which reflects on the clinical

importance of the PD-L1 regulatory mechanisms [3].

Cytokines dependent on signaling pathways have

already been reported to be important for the regula-

tion of PD-L1 [4–9]. Currently, no techniques exist to

identify chemical compounds that regulate PD-L1 pro-

tein expression by using chemical compound libraries

in a cross-sectional manner. Thus, a high-throughput

screening system that detects changes in PD-L1 protein

expressions is of vital importance.

Herein, we present a screening system that intro-

duces HiBiT-tagged cells as a novel strategy for identi-

fying chemical compounds that regulate PD-L1
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expression. The HiBiT tag is a peptide tag composed

of only 11 amino acids that, upon insertion into the

target proteins, functions as a nanoluciferase by form-

ing a dimer with LgBiT. By measuring the lumines-

cence changes after inserting the peptide tag, a

relatively simple procedure can enable the rapid detec-

tion of expression changes in the target proteins [10].

Using genome editing, we modified the lung adenocar-

cinoma cell line PC9 with HiBiT tagged at the C ter-

minus of PD-L1 to create PC9-KI cells. We then

developed a chemical screening strategy by adding

1280 compounds from the chemical compound library

LOPAC (library of pharmacologically active com-

pounds; Sigma Aldrich, St. Louis, MO, USA). Here,

we report our success in identifying several chemical

compounds that regulate the expression of PD-L1.

Materials and methods

Cell culture

PC9 and PC9-KI cells were maintained in Roswell Park

Memorial Institute (RPMI) (Corning, New York, NY,

USA) medium supplemented with 10% FBS (Gibco, Wal-

tham, MA, USA), and 1% penicillin/streptomycin (Wako,

Osaka, Japan) at 37 °C with 5% CO2. A375 and

MDAMB231 cells were maintained in Dulbecco’s modified

Eagle medium (Corning) supplemented with 10% FBS

(Gibco) and 1% penicillin/streptomycin (Wako) at 37 °C
with 5% CO2.

Creating HiBiT knocked-in cells with genome

editing

HiBiT-tagged PC9 cells were established using the

CRISPR-Cas9 system. ALT-R XT CRISPR RNA (crRNA)

(Integrated DNA Technologies, Coralville, IA, USA) was

resuspended in Nuclease-free-Duplex Buffer (Integrated

DNA Technologies) to a final concentration of 100 µM.

Equal volumes of crRNA and trans-activating CRISPR

RNA were mixed and heated for 5 min at 95 °C. After

heating, the oligo complex was gradually cooled down to

room temperature. The oligo complex was then incubated

at room temperature for 20 min with ALT-R Cas9 Nucle-

ase V3 (61 µM) (Integrated DNA Technologies) to form the

Cas9 complex. The single-stranded DNA (ssDNA) oligo,

including sequences of HiBiT, a complementary sequence

to the C-terminal in the CD274 genome, and the Cas9

complex were then cotransfected into the PC9 cells using

the NEPA21 Super Electroporator (NEPAGENE, Chiba,

Japan). After incubating the cells for a few days, single cell

cloning was performed to pick up the HiBiT-tagged cells.

The sequences of crRNA and ssDNA oligo are shown in

Table S1.

Validation of the targeted insertion of the HiBiT

tag

Insertion of the HiBiT tag sequence in the genome of the

knocked-in cells was confirmed by sequencing. For further

confirmation, western blotting was performed as follows.

SDS/PAGE was performed for ~ 50 µg of protein from

wild-type (PC9) and HiBiT-tagged PC9 (PC9-KI) cells,

which were collected using the radio-immunoprecipitation

assay (RIPA) lysis buffer (50 mM Tris/HCl, 150 mM NaCl,

1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS). The

proteins were then transferred to nitrocellulose membranes

and blocked with Blocking-one (Nacalai Tesque, Kyoto,

Japan) for 1 h. Two milliliters of LgBiT mix [PBST 2 mL

and LgBiT (Promega, Madison, WI, USA) 8 µL] was added
and reacted at 4 °C for overnight. The membrane was added

three times in PBST for 10 min, and 1 mL of substrate mix

[PBST 1 mL and substrate (Promega) 3 µL] was added and

reacted for 10 min for detection. The chemical luminescence

was captured using IMAGEQUANT LAS4000 (GE Healthcare,

Chicago, MI, USA).

To compare the luminescence of wild-type PC9 cells and

PC9-KI cells, 4 9 104 of PC9 and PC9-KI cells were

seeded in each well of the 96-well plates per well, and incu-

bated for 24 h. Media was discarded, then a detection mix

[PBS 12.5 µL, lytic buffer 12.5 µL, substrate (Promega)

0.25 µL, LgBiT (Promega) 0.125 µL] was added and incu-

bated for 10 min, and the luminescence was measured using

ARVO X3 (PerkinElmer, Waltham, MA, USA).

For further validation, small interfering RNA (siRNA)

knockdown was performed. Precisely 1.5 9 104 cells of

PC9-KI cells were plated and incubated overnight. Follow-

ing this, 1.5 pmol of siRNA for CD274 or the negative

control (AllStars Hs Cell Death siRNA; Thermo Scientific,

Waltham, MA, USA) was transfected with 0.5 µg of Lipo-

fectamine RNA iMax (Thermo Scientific). The siRNA

sequences are shown in Table S1. After 48 h, the medium

was discarded and a detection mix [PBS 25 µL, lytic buffer

25 µL, substrate (Promega) 0.5 µL, and LgBiT (Promega)

0.25 µL] was added. The plate was incubated at room tem-

perature in the dark for 10 min, and the luminescence was

measured using ARVO X3.

Prescreening test for the HiBiT-tagged cells

To validate the effects of DMSO on the luminescence of

PC9-KI, 5 9 103 PC9-KI cells were seeded in 384-well

plates. After 24 h, 1%, 0.5%, 0.25%, 0.125%, 0.0625%, or

0% of DMSO (final concentration) was added in RPMI

medium with 10% FBS. After 24 h, a detection mix (PBS

5 µL, substrate 0.1 µL, LgBiT 0.05 µL) was added and

incubated at room temperature in the dark for 10 min, and

the luminescence was measured using ARVO X3.

To confirm the upregulation of PD-L1 by cytokines or

growth factors, 4 9 104 of PC9-KI cells were seeded on
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96-well plates. After 24 h, 1 µg�mL�1 of epidermal growth

factor (EGF; WAKO), 100 ng�mL�1 of tumor necrosis fac-

tor (TNF) alpha (R&D, Minneapolis, MN, USA),

20 ng�mL�1 of interferon gamma (IFNc) (R&D), or 0.1%

of DMSO was added in RPMI with 10% FBS. After 24 h,

the medium was discarded, and a detection mix [PBS

12.5 µL, lytic buffer (Promega) 12.5 µL, substrate (Pro-

mega) 0.25 µL, LgBiT (Promega) 0.125 µL] was added and

incubated at room temperature in the dark for 10 min.

Luminescence was measured using ARVO X3.

To further validate the dose-dependent changes in PD-

L1 expression, 5 9 103 PC9-KI cells were seeded on a 384-

well plate. Twenty-four hours later, 20, 10, 5, 2.5, 1.25,

0.625, or 0 µM of SB203580 (Sigma Aldrich) was added to

RPMI medium with 10% FBS. After 24 h, the medium

was discarded, and a detection mix [PBS 5 µL, substrate

(Promega) 0.1 µL, LgBiT (Promega) 0.05 µL] was added

and incubated at room temperature in the dark for 10 min.

Luminescence was measured using ARVO X3.

Chemical compound screening with the LOPAC

compound library

At first, 4 9 104 PC9-KI cells were seeded on 96-well

plates. Then, after 24 h, 1 µM of compounds in the LOPAC

chemical compound library (Sigma Aldrich) was added to

each well. Following 24 h, the medium was discarded, and

a detection mix [PBS 12.5 µL, lytic buffer 12.5 µL, sub-

strate (Promega) 0.25 µL, and LgBiT (Promega) 0.125 µL]
was added to each well. The plates were incubated at room

temperature for 10 min in the dark, and the luminescence

was measured using ARVO X3.

Effective concentration 50 assay with HiBiT

activity measurement

First, 4 9 104 of PC9-KI cells were seeded on 96-well

plates. After 24 h, 0.1% of DMSO or 10�5, 10�4, 10�3,

10�2, 10�1, 1, or 10 µM of SB203580 (Sigma Aldrich), bre-

feldin A (BioLegend, San Diego, CA, USA), PD153035

(Selleck, Houston, TX, USA), colchicine (WAKO), vin-

cristine (Cayman, Ann Arbor, MI, USA), thapsigargin

(WAKO), and ML-240 (Sigma Aldrich) were added. After

24 h, the medium was discarded, and detection mix [PBS

12.5 µL, lytic buffer (Promega) 12.5 µL, substrate (Pro-

mega) 0.25 µL, and LgBiT (Promega) 0.125 µL] was added

to each well.

Inhibitory concentration 50 assay with Cell Titer

Glo assay

Initially, 5 9 103 of PC9-KI, A375, and MDAMB231 cells

were seeded on 96-well plates. After 24 h, 0.1 % DMSO or

10�5, 10�4, 10�3, 10�2, 10�1, 1, or 10 µM of colchicine

(WAKO), vincristine (Cayman), thapsigargin (WAKO),

and ML-240 (Sigma Aldrich) were added. After 48 h,

25 µL of Cell Titer Glo 2.0 (Promega) was added and incu-

bated at 37 °C for 30 min. Absorbance at 490 nm was

measured using ARVO X3.

Treating PC9-KI cells with colchicine for

validating the results of the HiBiT assay

Initially, 4 9 105 of PC9-KI cells were seeded on six-well

plates. After 24 h, 100 nM of colchicine was added to the

medium and incubated at 37 °C overnight. Protein levels

were analyzed as shown in Western blotting.

Treating cells with each compound for A375 and

MDAMB231

Initially, 4 9 105 of A375 or MDAMB231 cells were

seeded on six-well plates. After 24 h, 1 µM of colchicine,

vincristine, thapsigargin, and ML-240 were added to the

medium and incubated at 37 °C for 3 h. Proteins and

RNA were analyzed as shown in Western blotting.

Western blotting

Proteins were collected with the RIPA lysis buffer. Proteins

in the cell lysates were separated by SDS/PAGE followed

by a semidry transfer to a polyvinylidene fluoride mem-

brane. Membranes were blocked for 1 h with Blocking-One

(Nacalai Tesque) and then reacted with PD-L1 primary

antibodies (E1L3N; Cell Signaling Technology, Danvers,

MA, USA) or antibeta-actin (AC-74; Sigma Aldrich or

010-27841; WAKO) at 4 °C overnight. Subsequently, the

membrane was rinsed and reacted with enhanced chemilu-

minescence (ECL) mouse IgG horseradish peroxidase

(HRP)-conjugated whole antibody (GE Healthcare) or rab-

bit IgG HRP-conjugated whole antibody (GE Healthcare).

The blot was developed using the ECL Select Western Blot-

ting Detection Reagent (GE Healthcare).

RNA extraction and quantitative PCR analysis

RNA was extracted using the ReliaPrep RNA Miniprep

System (Promega, Wisconsin, Japan). RNA was reverse-

transcribed with Prime Script (Takara, Kusatsu, Japan),

and cDNA was analyzed by quantitative PCR (qPCR). Pri-

mers are shown in Table S1.

Results

In order to establish a simple assay system that can

rapidly evaluate the endogenous expression of PD-L1,

we knocked-in the HiBiT tag at the C terminus of the

CD274 gene. We used the genome editing technology-
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CRISPR-Cas9 and oligo ssDNA that were comple-

mentary to genome sequences in the lung adenocarci-

noma cell line PC9 (Fig. 1A). We selected four clones

from single cell cloning and confirmed the integration

of HiBiT sequences by PCR. In our analysis, we used

clone #3, which was homozygous for the targeted

insertion of the HiBiT tag, in our analysis (Fig. 1B).

With the help of sequencing, we confirmed the tar-

geted insertion of the HiBiT tag of the knocked-in

cells (PC9-KI) (Fig. 1C). We also confirmed the tag-

ging with western blotting using LgBiT (Fig. 1D). By

measuring the reporter activity of the PC9-KI cells, we

confirmed the highly specific luminescence activity of

PC9-KI compared with that of the wild-type PC9

(Fig. 1E). Furthermore, by knocking-down endoge-

nous PD-L1 using siRNA in PC9-KI cells, we con-

firmed a distinct decrease in luminescence, which

reflected changes in the endogenous expression

(Fig. 1F). In this cell-based assay system, we con-

firmed that there were no changes in PD-L1 expression

with 0%, 0.0625%, 0.125%, 0.25%, 0.5%, and 1%

DMSO (Fig. 1G). In addition, we found that adding

EGF, TNFa, and IFNc, which have been previously

reported as PD-L1 upregulators, increased the HiBiT

activities compared with when 0.1% DMSO was

added (Fig. 1H). Moreover, treatment with the p38

inhibitor, already reported as a downregulator of PD-

L1, decreased the HiBiT activity in a dose-dependent

manner (Fig. 1I). Based on these results, we performed

a chemical compound screening using PC9-KI cells.

For the chemical screening, we seeded 4 9 104 PC9-

KI cells on 96-well plates, incubated them for 24 h,

and added 1280 chemical compounds from the

LOPAC chemical compound library. At a final con-

centration of 1 µM, we incubated the cells for another

24 h and then measured the HiBiT activity (Fig. 2A).

We defined regulators as compounds that regulated

the expression of PD-L1 in the range of P < 0.01. As

a result, we identified thirteen upregulators and seven

downregulators (Fig. 2B, Table S2). Colchicine and

vincristine, currently known for targeting microtubules

and thapsigargin, which can increase intracellular cal-

cium levels were newly identified as upregulators of

PD-L1 (Fig. 2C). We identified seven chemical com-

pounds as candidate downregulators (Fig. 2D). To

exclude the possibility of overestimating the candidate

downregulators due to their cytotoxicity, we performed

an inhibitory concentration (IC50) assay for PC9-KI

cells. As a result, brefeldin A and epidermal growth

factor receptor (EGFR) inhibitor had a strong cyto-

toxicity at a dose of 1 µM, and their relative cell viabil-

ities were < 60% as compared to the treatment with

DMSO. On the other hand, treatment with the p38

inhibitor and ML-240 showed milder cell toxicity, and

their relative cell viabilities were more than 60% as

compared to the treatment with DMSO (Fig. S1).

From these results, we regarded the p38 inhibitor, an

already known downregulator of PD-L1, and ML-240,

an AAA ATPase p97 inhibitor, as downregulators of

PD-L1.

To measure the effective concentration 50 (EC50) of

colchicine for maximum upregulation of PD-L1, we

performed a concentration dilution assay on PC9-KI

cells using the HiBiT system. We determined that the

EC50 of colchicine was ~ 50 nM, and it upregulated

PD-L1 protein expression 1.8 times as much as DMSO

(Fig. 3A). The IC50 for maximum suppression of cell

viabilities of PC9-KI cells by colchicine was ~ 1 nM

(Fig. 3B). Moreover, we used western blotting with

antibodies for endogenous PD-L1 to validate the

results of the HiBiT assay, and we confirmed the

upregulation of PD-L1 in PC9-KI cells treated with

1 µM of colchicine overnight (Fig. 3C). Furthermore,

to show that the upregulation of PD-L1 by colchicine

was a common phenomenon, we validated the effects

of colchicine in other cell lines. By adding 1 µM of col-

chicine to the melanoma cell line A375 for 3 h, we

confirmed the upregulation of PD-L1 protein and

RNA (Fig. 3D,E). The IC50 for the maximum sup-

pression of cell viability of A375 by colchicine was

~ 50 pM (Fig. 3F). Adding 1 µM of colchicine to the

breast cancer cell line MDAMB231 for 3 h also

showed the upregulation of PD-L1 protein and RNA

(Fig. 3G,H). The IC50 for the maximum suppression

of viability of MDAMB231 cells by colchicine was

~ 1 nM (Fig. 3I).

Fig. 1. Creating HiBiT knocked-in PC9 cells. (A). Schema for constructing HiBiT knocked-in PC9 cells using CRISPR Cas9 system. (B)

Results of electrophoresis for PCR products of genome extracted from picked up clones. (C) Sequencing check for HiBiT tagging revealed

the targeted insertion of HiBiT tag. (D) Western blotting confirmation for the targeted insertion of HiBiT tag in PC9-KI cells. (E) HiBiT assay

for PC9 cells and PC9-KI cell to confirm the specificity of luminescence; n = 3. (F) HiBiT assay for PC9-KI cells transfected with siRNA for

negative control or PD-L1 for 48 h; n = 4. (G) HiBiT assay for PC9-KI cells with various concentration of DMSO; n = 4. (H) HiBiT assay for

PC9-KI cells stimulated with EGF, TNFa, and IFNc; n = 4. (I) HiBiT assay for various concentration of p38 inhibitor SB203580; n = 4. Error

bars represent the standard error mean (**P < 0.01, two-tailed Student’s t-test).
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We also measured the EC50 of vincristine for the

maximum upregulation of PD-L1 on PC9-KI cells.

The EC50 of vincristine for PC9-KI cells was

~ 100 nM, and the maximum upregulation of PD-L1

was twice than that with DMSO (Fig. 4A). The IC50

for the maximum suppression of the viabilities of PC9-
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Fig. 2. Compound screening using HiBiT-KI cells. (A) Schema for chemical compounds screening with LOPAC chemical compound library.

(B) Results of chemical compound screening. (C) Candidate upregulators in chemical compound screening. (D) Candidate downregulators in

chemical compound screening.
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KI cells by vincristine was ~ 1 nM (Fig. 4B). Further-

more, to show that the upregulation of PD-L1 by vin-

cristine was a common phenomenon, we validated the

effects of vincristine in other cell lines. By adding 1 µM

of vincristine to A375 for 3 h, we confirmed the upreg-

ulation of PD-L1 protein and RNA (Fig. 4C,D). The

IC50 for the maximum suppression of cell viability of

A375 cells by vincristine was ~ 500 pM (Fig. 4E). Add-

ing 1 µM of vincristine to MDAMB231 cells for 3 h

also showed moderate upregulation of PD-L1 protein

and RNA (Fig. 4F,G). The IC50 for the maximum

suppression of cell viability of MDAMB231 cells by

vincristine was ~ 500 pM (Fig. 4H).

Subsequently, we validated the upregulation of PD-

L1 by thapsigargin. The EC50 of thapsigargin for

PC9-KI cells was ~ 5 nM, and the maximum upregula-

tion of PD-L1 was 1.5 times higher than DMSO

(Fig. 5A). The IC50 for maximum suppression of cell

viability of PC9-KI cells by thapsigargin was ~ 5 nM

(Fig. 5B). Furthermore, to demonstrate that the upreg-

ulation of PD-L1 by thapsigargin was a common phe-

nomenon in other cell lines, we validated the effects of

thapsigargin in A375 cells. By adding 1 µM of thapsi-

gargin to A375 cells for 3 h, we confirmed the upregu-

lation of PD-L1 protein and RNA (Fig. 5C,D). The

IC50 for the maximum suppression of cell viability of

A375 cells treated with thapsigargin was ~ 500 pM

(Fig. 5E).

Finally, we validated the downregulation of PD-L1

by the AAA ATPase p97 (VCP) inhibitor -ML-240.

The EC50 of ML-240 for PC9-KI cells was ~ 1 µM,

and the maximum downregulation of PD-L1 was sup-

pressed by 10% as compared to DMSO (Fig. 6A).

Furthermore, to show that the downregulation of PD-

L1 by ML-240 was a common phenomenon in multi-

ple cell lines, we validated the effects of ML-240 on

other cell lines. By adding 1 µM of ML-240 to A375

cells overnight, we confirmed the moderate downregu-

lation of the PD-L1 protein, although no significant

change was detected in PD-L1 RNA (Fig. 6B,C). The

IC50 for maximum suppression of cell viability of

A375 cells by ML-240 was ~ 5 µM (Fig. 6D). Adding

1 µM of ML-240 to MDAMB231 cells overnight also

showed the downregulation of the PD-L1 protein and

RNA (Fig. 6E,F). The IC50 for the maximum sup-

pression of cell viability of MDAMB231 cells by ML-

240 was ~ 5 µM (Fig. 6G).

Discussion

We created the HiBiT-tagged lung adenocarcinoma

cell line, PC9-KI, using CRISPR Cas9 genome editing

technology, which made it possible to detect the PD-

L1 protein expression changes quickly and easily.

Working on PC9-KI cells, we performed chemical

compound screening using the LOPAC chemical com-

pound library, and we identified two new PD-L1

upregulators (microtubule polymerization inhibitors

and the calcium releasing inducer thapsigargin) and a

novel PD-L1 downregulator (a p97 inhibitor ML-240).

Furthermore, we confirmed that the regulation of PD-

L1 by each compound could be observed in a mela-

noma cell line, A375, and a breast cancer cell line

MDAMB231, which suggests the potential of PD-L1

regulation in various cell lines.

Chemical screening system using a HiBiT-tagged

cell line

Although chemical screening using HiBiT-tagged cells

has been previously reported, our study is the first to

perform chemical screening using HiBiT for detecting

endogenous protein expression changes for cancer

research [11–13]. We used ssDNA for homologous

recombination, taking advantage of the characteristics

of the HiBiT tag. Using this method, we could easily

prevent off-target tagging. Compared with the classic

protein detection methods such as western blotting,

ELISA, and fluorescence-activated cell sorting, the

HiBiT system represents a quicker and streamlined

method for detecting changes in protein expression.

We expect this technology to be applied to screening

systems for detecting important endogenous protein

expression changes in various types of cancers in the

future.

We selected PC9, an EGFR-mutated lung adenocar-

cinoma cell line, to establish this screening system.

This was because of the moderate expression of PD-

L1 and the ease of applying the existing CRISPR-Cas9

gene editing technology.

Immune checkpoint inhibitors that target PD-L1

and PD-1 have been used in clinical practice in many

cancer types, including melanoma and lung adenocar-

cinoma [3,14–17]. However, although recent studies

have revealed the regulation of PD-L1 expression

through signaling pathways, ubiquitination, and glyco-

sylation, small molecule compounds that regulate PD-

L1 expression have not been identified [4–9,15,18–21].
Moreover, PD-L1 expression changes based on drugs

used in combination with immune checkpoint inhibi-

tors were not defined clearly; therefore, we believe that

our strategy provides a simple and quick method to

confirm and validate PD-L1 protein expression

changes.

Compounds that can negatively regulate PD-L1

have the potential to directly regulate tumor immunity.
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In addition, it has been reported that the clinical effi-

cacy of immune checkpoint inhibitors is enhanced

when PD-L1 expression increases, suggesting that

compounds that positively regulate PD-L1 expression

have the potential to enhance the effects of immune

checkpoint inhibitors [22]. Our study is significant
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because the potential of regulating PD-L1 for each

drug in the chemical compound library was obtained

in a cross-sectional manner by our screening system.

Newly identified compounds regulating PD-L1

from the chemical screening

Microtubule polymerization inhibitors such as colchi-

cine and vincristine were identified by chemical screen-

ing as compounds that specifically upregulate PD-L1

expression. The cross talk between microtubule regula-

tion and the immune system has been reported for its

importance in the inflammasome induction [23]. On the

other hand, the relationship between PD-L1 regulation

and microtubules is yet to be reported, which suggests

the existence of a novel microtubule-dependent mecha-

nism for the regulation of PD-L1 expression. In a pre-

vious report, PD-L1 expression was upregulated during

the M phase of the cell cycle, and CUL3-SPOP induced

by cyclin D reduced PD-L1 expression [21]. We infer

from these reports that microtubule inhibitors stop the

cell cycle in the M phase, which induces the upregula-

tion of PD-L1 expression.

Although colchicine and vincristine are compounds

with cytotoxic activity and anticancer potential, it is

worth noting that microtubule-targeted compounds

specifically upregulated PD-L1 expression, while other

frequently used anticancer drugs with cytotoxic activ-

ity, such as cisplatin and fluorouracil, did not upregu-

late PD-L1 [24–26]. This result suggests a mechanism

in tumor cells that detects the cellular stress caused by

inhibition of microtubule polymerization, and thereby

increasing the expression of PD-L1. Moreover, accord-

ing to the results of the IC50 assay in our study, vin-

cristine and colchicine increased PD-L1 expression in

the cytotoxic concentration range. These results sug-

gest that using immune checkpoint inhibitors with

microtubule inhibitors may be therapeutically useful.

Another compound identified as an upregulator was

thapsigargin, a noncompetitive inhibitor of sarco/endo-

plasmic reticulum (ER) calcium transport ATPase for

ER calcium uptake. Thapsigargin has the ability to

increase cytosolic calcium levels and induce ER stress

[27,28]. Our study showed that thapsigargin increased

the expression of PD-L1 in PC9-KI and A375 cells.

The results of our screening indicated that compounds

that induce extracellular calcium influx did not

increase PD-L1 expression; therefore, there may be a

mechanism of PD-L1 expression dependent on calcium

influx from the ER (Table S1).

We also identified ML-240, an inhibitor of p97, as a

compound that reduces PD-L1 expression. P97 is an

AAA ATPase with multiple functions including cell

cycle regulation and proteasome and DNA damage

repair [29,30]. Our study is the first to report possible

links between PD-L1 regulation and p97. ML-240 has

also been reported to have a promising potential as an

antitumor drug [31,32]. Therefore, our reports suggest

the potential of ML-240 as an antitumor drug, which

effectively prevents tumors from evading the immune

system.

Limitation

In this study, we did not conduct in vivo experiments

with immune checkpoint inhibitors. Therefore, further

validation with in vivo experiments is essential for

making the results clinically significant. In addition,

the PC9 cell line used in this study was an EGFR-mu-

tated cell line, which was not indicated for use with

immune checkpoint inhibitors. Thus, it is necessary to

evaluate its reproducibility in multiple cancer types. In

our study, we confirmed the reproducibility of the

breast cancer cell line MDAMB231 and the melanoma

cell line A375, both of which showed similar tenden-

cies as PC9-KI cells. Based on this information, the

results of this study should be interpreted with caution

with respect to clinical application.

Conclusion

We established a lung adenocarcinoma cell line (PC9-

KI), with HiBiT-tagged into the C terminus of PD-L1

by genome editing technology, and used it in chemical

Fig. 3. Colchicine functions as a PD-L1 upregulator. (A) EC50 assay of colchicine for maximum upregulation of PD-L1 in PC9-KI cells; n = 3.

(B) IC50 assay of colchicine for minimum downregulation of PD-L1 in PC9-KI cells; n = 3. (C) Western blotting for endogenous PD-L1 of

PC9-KI cells treated with 1 µM colchicine for overnight. (D) Western blotting for endogenous PD-L1 of A375 cells treated with 1 µM

colchicine for 3 h. (E) qPCR of endogenous PD-L1 of A375 cells treated with 1 µM colchicine for 3 h; n = 3. (F) IC50 assay of colchicine for

minimum downregulation of PD-L1 in A375 cells; n = 3. (G) Western blotting for endogenous PD-L1 of MDAMB231 cells treated with 1 µM

colchicine for 3 h. (H) qPCR of endogenous PD-L1 of MDAMB231 cells adding 1 µM colchicine for 3 h; n = 3. (I) IC50 assay of colchicine for

minimum downregulation of PD-L1 in MDAMB231 cells; n = 3. Error bars represent the standard error mean (**P < 0.01, two-tailed

Student’s t-test).
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Fig. 4. Vincristine functions as a PD-L1 upregulator. (A) EC50 assay of vincristine for maximum upregulation of PD-L1 in PC9-KI cells; n = 3.

(B) IC50 assay of vincristine for minimum downregulation of PD-L1 in PC9-KI cells; n = 3. (C) Western blotting for endogenous PD-L1 of

A375 cells treated with 1 µM vincristine for 3 h. (D) qPCR of endogenous PD-L1 of A375 cells treated with 1 µM vincristine for 3 h; n = 3.

(E) IC50 assay of vincristine for minimum downregulation of PD-L1 in A375 cells; n = 3. (F) Western blotting for endogenous PD-L1 of

MDAMB231 cells treated with 1 µM vincristine for 3 h. (G) qPCR of endogenous PD-L1 of MDAMB231 cells treated with 1 µM vincristine

for 3 h; n = 3. (H) IC50 assay of vincristine for minimum downregulation of PD-L1 in MDAMB231 cells; n = 3. Error bars represent the

standard error mean (**P < 0.01, two-tailed Student’s t-test).
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screening to identify compounds that regulate PD-L1

expression. As a result, we newly identified micro-

tubule polymerization inhibitors and thapsigargin as

upregulators, and a p97 inhibitor as a downregulator

of PD-L1. These compounds regulate PD-L1 not only

in lung adenocarcinoma, but also in breast cancer and

melanoma.
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Fig. 6. ML-240 functions as a PD-L1 suppressor. (A) EC50 assay of ML-240 for minimum downregulation of PD-L1 in PC9-KI cells; n = 3.

(B) Western blotting for endogenous PD-L1 of A375 cells treated with 1 µM ML-240 for 3 h. (C) qPCR of endogenous PD-L1 of A375 cells

treated with 1 µM ML-240 for 3 h; n = 3. (D) IC50 assay of ML-240 for minimum downregulation of PD-L1 in A375 cells; n = 3. (E) Western

blotting for endogenous PD-L1 of MDAMB231 cells treated with 1 µM ML-240 for 3 h. (F) qPCR of endogenous PD-L1 of MDAMB231 cells

treated with 1 µM ML-240 for 3 h; n = 3. (G) IC50 assay of ML-240 for minimum downregulation of PD-L1 in MDAMB231 cells; n = 3. Error

bars represent the standard error mean (**P < 0.01, two-tailed Student’s t-test).
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