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Abstract

Programmed death ligand 1 (PD-L1) is an immune checkpoint protein, however, emerging data 

suggest that tumor cell PD-L1 may regulate immune-independent and intrinsic cellular functions. 

We demonstrate regulation of PD-L1 by oncogenic BRAFV600E and investigated its ability to 

influence apoptotic susceptibility in colorectal cancer (CRC) cells. Endogenous or exogenous 

mutant vs wild-type BRAF were shown to increase PD-L1 mRNA and protein expression that was 

attenuated by MEK inhibition or c-JUN and YAP knockdown. Deletion of PD-L1 reduced tumor 

cell growth in vitro and in vivo. Loss of PD-L1 was also shown to attenuate DNA damage and 

apoptosis induced by diverse anti-cancer drugs that could be reversed by restoration of wild-type 

PD-L1, but not mutants with deletion of its extra- or intra-cellular domain. The effect of PD-L1 on 

chemosensitivity was confirmed in MC38 murine tumor xenografts generated from PD-L1 
knockout vs parental cells. Deletion of PD-L1 suppressed BH3-only BIM and BIK proteins that 

could be restored by re-expression of PD-L1; re-introduction of BIM enhanced apoptosis. PD-L1 

expression was significantly increased in BRAFV600E human colon cancers, and patients whose 

tumors had high vs low PD-L1 had significantly better survival. In summary, BRAFV600E can 

transcriptionally up-regulate PD-L1 expression that was shown to induce BIM and BIK to enhance 

chemotherapy-induced apoptosis. These data indicate an intrinsic, non-immune function of PD-

L1, and suggest the potential for PD-L1 as a predictive biomarker.
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Introduction

Programmed death ligand 1 (PD-L1, also known as B7-H1 and CD274) is an immune 

checkpoint protein that interacts with the programmed cell death protein 1 (PD-1) receptor 
6, 13, 18 to negatively regulate T-cell functions that can enable tumor cells to evade the 

immune system 10, 13. PD-L1 is a transmembrane protein that is expressed on immune cell 

types and on many cancer cells, including colorectal cancer (CRC). Abrogation of the 

PD-1/PD-L1 interaction using monoclonal antibodies against either protein is an effective 

therapeutic strategy to enhance anti-tumor immunity against multiple malignancies 43, and 

the anti-PD-L1 antibody, atezolizumab, is FDA approved for use in the treatment of lung and 

urothelial cancers. Its principal mechanism of action in thought to be protection of PD-1-

expressing anti-tumor T-cells from inhibition by tumor PD-L1 8, 14, 37, 46, 47. Despite 

overexpression of PD-L1, many cancers fail to respond to PD-1/PD-L1 inhibitors, 

suggesting that PD-L1 function in cancer is incompletely understood 18. Recent evidence 

indicates that tumor PD-L1 may regulate immune-independent and intrinsic functions of 

tumor cells that include tumor cell apoptosis 4 and autophagy 11. PD-L1 and PD-1 may also 

exert important cell signaling effects that include regulation of tumor mTOR 24, and 

alteration in mitogen-activated protein kinase (MAPK) signals 36. Interestingly, attenuation 

of PD-L1 was shown to reduce murine ovarian and melanoma tumor growth in 

immunocompetent and in immunodeficient mice 11.

Certain oncogenic pathways may induce PD-L1 expression and contribute to tumor growth 

by enabling immune evasion or by other mechanisms. One such example is MEK-ERK 

signaling that is frequently activated in CRCs due to activating mutations in receptor 

tyrosine kinases such as the RAS GTPase, or BRAF 40. Activation of MEK1/2 by 

phosphorylation is observed in tumors with the BRAF V600E point mutation detected in 8% 

of human CRCs where it is associated with resistance to anti-cancer therapy and poor 

prognosis 38, 5125, 34. Interestingly, BRAFV600E is highly enriched in sporadic CRCs with 

microsatellite instability (MSI) 9, 48 which show overexpression of PD-L1 and demonstrate 

frequent and durable response to anti-PD-1 antibodies 26. Studies indicate that BRAFV600E 

is associated with worse survival in patients with microsatellite stable (MSS) tumors but not 

in MSI colon cancers 44. BRAFV600E is a downstream effector of EGFR-mediated 

signaling, and recent evidence indicates that PD-L1 can be upregulated by EGFR activation 
10, suggesting that BRAFV600E may regulate PD-L1 expression.

The level of PD-L1 expression does not predict response to immune checkpoint blockade in 

CRC, and its association with chemotherapy outcome is unknown. In this report, we 

determined whether PD-L1 is regulated by BRAFV600E and examined the potential role of 

tumor cell-intrinsic PD-L1 in regulating chemosensitivity in human CRC cells. We found 

that PD-L1 expression is induced by BRAFV600E and can regulate chemotherapy-induced 
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DNA damage and apoptosis. Thus, tumor cell PD-L1 may mediate tumor cell-intrinsic 

signaling and survival effects that are unrelated to its immune regulatory functions.

RESULTS

BRAFV600E upregulates PD-L1 expression on colorectal cancer cells

CRC cell lines with BRAF or KRAS mutations showed variable PD-L1 protein expression 

(Fig. 1A) due, in part, to their non-isogenic background. Accordingly, we utilized isogenic 

RKO cell lines that differ only in copy number of BRAFV600E alleles, and found that the 

level of PD-L1 expression was gene dose-dependent. Specifically, parental RKO cells 

containing two copies of BRAFV600E had the most abundant PD-L1 expression (Fig. 1A, 

middle panel). Similarly, expression of p-ERK that occurs downstream of BRAFV600E was 

also associated with BRAFV600E allele copy number. Regulation of PD-L1 by BRAFV600E 

was further demonstrated by ectopic BRAFV600E that was shown to increase p-ERK and 

PD-L1 expression (Fig. 1A, right). Upregulation of PD-L1 by BRAFV600E was due to 

increased gene transcription as shown by a competitive RT-PCR assay (Fig. 1A, right panel).

Given that PD-L1 is a cell surface glycoprotein with a transmembrane domain, we 

determined whether PD-L1 can be upregulated by BRAFV600E by using flow cytometry. We 

found that the PD-L1 peak shifted to the right when the number of BRAFV600E alleles 

increased, as did the PD-L1 peaks in Vaco432 VT1 cells with ectopic BRAFV600E compared 

to empty vector (Fig. 1B). These findings are consistent with BRAFV600E-induced PD-L1 

expression. Ectopic BRAFV600E was also shown to induce expression of the c-JUN 
transcription factor that is a downstream target of MEK/ERK signaling (Fig. 1A, right 
panel). Since both BRAFV600E and mutant KRAS can activate ERK signaling 41, we 

determined whether mutant KRAS was able to modulate PD-L1 expression. Cells with 

mutant vs wild-type KRAS showed upregulation of PD-L1 expression in isogenic HCT116 

and DLD1 CRC cell lines. A similar induction of PD-L1 was shown using a doxycycline-

inducible mutant KRAS in isogenic HCT116 cells containing one wild-type KRAS allele 

(Fig. 1C).

To demonstrate the relevance of our findings to human CRCs, we examined the association 

of BRAFV600E with PD-L1 expression utilizing RNA-Seq and mutation data from The 

Cancer Genome Atlas (TCGA) 9. CRCs with BRAFV600E showed upregulation of PD-L1 
mRNA compared to tumors lacking either BRAFV600E or mutant KRAS (Fig. 1D). We then 

confirmed the presence of PD-L1 protein expression in tumor cells by immunohistochemical 

staining of a limited number of human CRCs (Fig. 1E). We found that 4 of 12 (33.3%) 

tumors expressed PD-L1 in at least 10% of tumor cells, and PD-L1 was expressed in at least 

5% of peritumoral lymphoid cells in 8 of these 12 CRCs. Two of these 12 tumors harbored 

BRAFV600E and one of these expressed PD-L1 in 60% of tumor cells.

Pharmacological inhibition of MEK/ERK attenuates PD-L1 expression

Given that mutations in BRAF or KRAS can upregulate PD-L1 expression, we tested the 

effect of MEK/ERK inhibition that is downstream of the RAS/RAF signaling cascade. 

Pharmacologic inhibition of MEK/ERK by cobimetinib produced a dose-dependent 
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reduction in PD-L1 expression in BRAF isogenic RKO cells (Fig. 2A, left panel) and in 

Vaco432 VT1 cells with ectopic BRAFV600E vs empty vector (Fig. 2A, right). Cobimetinib 

was also shown to downregulate c-JUN as well as YAP1, a co-activator of the Hippo 

pathway, which are downstream targets of MEK/ERK (Fig. 2A). To determine whether other 

RAF kinases can regulate PD-L1 expression, we performed knockdown of A-RAF or C-
RAF which did not suppress ERK activation nor alter PD-L1 expression (Fig. 2B ), 

consistent with previous reports 5023. A dependence of PD-L1 expression on mTOR 

signaling has been shown in studies in lung, glioma, breast, prostate, ovarian, and pancreatic 

cancer, but not in melanoma, emphasizing multiple mechanisms for PD-L1 regulation in 

solid tumors 20. We found that BRAF-induced PD-L1 induction was independent of 

mTORC1 in that PD-L1 expression was unchanged in cells treated with rapamycin (Fig. 

2C). In HCT116 cells with ectopic mutant KRAS, cobimetinib was shown to downregulate 

PD-L1 (Fig. 2D). Co-regulation of PD-L1 by both c-JUN and YAP1 transcription factors 

was demonstrated by the ability of their combined suppression to reduce PD-L1 expression 

to a greater extent than did their individual siRNA knockdown (Fig. 2E).

Knockout of PD-L1 confers resistance to chemotherapy-induced apoptosis

Given that tumor cell resistance to apoptosis is one of the hallmarks of malignancy 19, we 

determined the effect of tumor cell PD-L1 on apoptosis induced by diverse anti-cancer drugs 

in human CRC cells with knockout of PD-L1 by CRISPR-Cas9 genome editing. Knockout 

of PD-L1 in RKO human CRC cells was shown to markedly reduce apoptosis and DNA 

double strand breaks (DSBs) [pH2Ax] induced by irinotecan (CPT-11), oxaliplatin, or 

gemcitabine (Fig. 3A,B). Attenuation of apoptosis by deletion of PD-L1 was shown by 

analysis of cleaved caspase-3 and/or annexin V staining. Interestingly, cells with PD-L1 
knockout were also resistant to apoptosis and DSBs induced by cobimetinib (Fig. 3A, left 
panel). To confirm these findings, we utilized parental and PD-L1 knockout murine MC38 

colon cancer cells. PD-L1 knockout MC38 cells displayed reduced colony size and exhibited 

a slower growth rate in a clonogenic survival assay compared to parental cells; these effects 

were reversed by re-expression of human wild-type PD-L1 (Fig. 3C). Similar to observations 

in RKO cells, knockout of PD-L1 in MC38 cells confered resistance to irinotecan or 

oxaliplatin-induced DNA DSBs and apoptosis (Fig. 3D). These effects could be reversed by 

re-expression of wild-type PD-L1 which restored chemotherapy-induced apoptosis. In 

addition, we re-expressed PD-L1 mutants with deletion of either the extracellular or 

intracellular domain and then compared their susceptibility to chemotherapy-induced 

apoptosis. Neither the extra- nor the intra-cellular deletion mutants in PD-L1 knockout cells 

were able to restore susceptibility to chemotherapy-induced apoptosis (Fig. 3D).

Gene knockout or antibody antagonism of PD-L1 reduces pro-apoptotic BIM and BIK to 
confer chemoresistance

To elucidate the mechanism by which PD-L1 can regulate apoptosis, we determined the 

effect of manipulation of PD-L1 on apoptotic signaling. Knockout of PD-L1 was shown to 

downregulate p-AKT and to reduce expression of pro-apoptotic BH3-only BIM and BIK 

proteins in RKO cells (Fig. 4A, left panel). A similar result was seen in MC38 cells whereby 

knockout of PD-L1 markedly suppressed BIM and BIK whose expression was restored 

when wild-type PD-L1 was re-expressed in these cells (Fig. 4A, left panel). In contrast to re-
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expression of wild-type PD-L1, deletion mutants of the extra- or intra-cellular domains of 

PD-L1 were both unable to restore BIM or BIK expression in PD-L1 knockout MC38 cells 

(Fig. 4A, left panel). We then utilized an anti-PD-L1 antibody known to interact with the 

extra-cellular domain, and observed similar cellular effects as was seen with PD-L1 
knockout. Specifically, treatment of RKO or MC38 cells with anti-human and anti-mouse 

PD-L1 antibodies was shown to downregulate p-AKT, BIM and BIK protein expression with 

a concurrent reduction of PD-L1 expression in both cell lines (Fig. 4B). Furthermore, 

treatment with the anti-PD-L1 antibody attenuated oxaliplatin or irinotecan-induced 

apoptosis, as shown by reduced annexin V labelling compared to isotype control-treated 

cells (Fig. 4C). Given the known interaction of PD-L1 with PD-1 in the immune checkpoint 

pathway, we analyzed PD-1 expression whose absence was observed in RKO and MC38 cell 

lines (Fig. 4D). This finding indicates that PD-L1-can mediate the observed cellular effects 

independently of PD-1.

MEK/ERK inhibition is known to induce BIM 7, and we found that cobimetinib-induced 

BIM expression was attenuated in PD-L1 knockout RKO cells (Fig. 4A, middle panel). In 

PD-L1 knockout vs parental RKO cells, BIM and BIK expression were decreased in the 

presence of the proteasome inhibitor carfilzomib (Fig. 4A, right). We then determined 

whether PD-L1 can transcriptionally regulate BIM or BIK. Using competitive RT-PCR, we 

found a similar ratio of BIM vs ACTB (beta actin gene) in parental vs PD-L1 knockout 

MC38 cells. Re-expression of either wild-type PD-L1 or extra- or intra-cellular deletion 

mutants failed to alter BIM or BIK expression (Fig. 5A).

Since p-AKT was downregulated in PD-L1 knockout cells, we determined whether p-AKT-

mediated signaling can regulate PD-L1-induced BIM and BIK. Inhibition of AKT signaling 

by wortmannin was shown to potently suppress p-AKT, but did not appreciably alter BIM or 

BIK expression in RKO or MC38 cells (Fig. 5B). Since BIM is the most potent inducer of 

apoptosis among the BH3-only proteins 33, we determined whether ectoptic BIM expression 

is sufficient to restore apoptotic susceptibility in PD-L1 knockout cells. Using a 

doxycycline-inducible BIM construct, we found that induction of BIM in PD-L1 knockout 

cells can restore apoptosis triggered by irinotecan or oxaliplatin, shown by significant 

increases in caspase-3 cleavage (Fig. 5C) and annexin V labelling (Fig. 5D) compared to 

cells with empty vector. In PD-L1 knockout cells treated with chemotherapy, no appreciable 

effect of ectopic BIM expression on DNA double strand breaks (pH2AX expression) was 

observed (Fig. 5C).

Tumor xenografts generated from PD-L1 knockout cells display resistance to 
chemotherapy-mediated tumor regression

To confirm the effect of PD-L1 to regulate susceptibility to chemotherapy-induced apoptosis 

and resultant tumor growth, we implanted PD-L1 knockout and parental MC38 cell lines 

into the flanks of nude mice to generate tumor xenografts. Tumor formation from PD-L1 
knockout cells was attenuated due with their slower growth rate shown in a clonogenic 

survival assay compared to parental cells that was reversed by re-expression of human wild-

type PD-L1 (Fig. 3C). In tumors-derived from parental cells, oxaliplatin was shown to 

significantly attenuate tumor growth compared to vehicle treated mice (Fig. 6A, left panel). 
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In contrast, treatment of tumors derived from PD-L1 knockout cells with oxaliplatin failed to 

suppress tumor growth compared to vehicle (right panel), indicating chemoresistance (Fig. 

6A, right panel). These in vivo data confirm results observed in vitro, and establish PD-L1 as 

a regulator of chemosensitivity.

To demonstrate the relevance of our findings to human colon cancer, we utilized TCGA 

RNA expression datasets 9 and determined the association of the level of PD-L1 mRNA 

expression in resected colon cancers with patient survival. The cohort was restricted to stage 

III and IV colon carcinomas for which treatment with cytotoxic chemotherapyincluding a 

fluoropyridime and oxaliplatin or irinotecan is standard of care. We found that the 

dichotomized level of PD-L1 was prognostic in that high vs low PD-L1 expression was 

significantly associated with better patient survival rates (Fig. 6B, left panel). In contrast, the 

level of PD-1 mRNA expression was not associated with patient outcome (right panel). 
These data in human tumors are consistent with our preclinical findings demonstrating that 

tumor cell PD-L1 expression can regulate tumor growth and mediate chemosensitivity.

DISCUSSION

We determined whether the V600E oncogenic driver mutation in BRAF that activates MEK-

ERK signaling 40 can regulate PD-L1 expression in human CRC cells. We made the novel 

observation that BRAFV600E can transcriptionally up-regulate PD-L1 expression in human 

CRC cells. The ability of BRAFV600E to activate ERK and to regulate PD-L1 was not shared 

by A-RAF or C-RAF indicating a lack of compensation among RAF kinases. Induction of 

PD-L1 protein expression could be suppressed by a MEK inhibitor. Up-regulation of PD-L1 

was associated with an increase in the transcription factors c-JUN and YAP, a Hippo 

effector, which are downstream effectors of MAPK signaling. Furthermore, c-JUN and YAP 

were found to cooperatively regulate PD-L1 expression that is consistent with the reported 

ability of YAP to mediate PD-L1 expression in BRAF inhibitor-resistant human melanoma 

cell lines 22. Mechanistically, YAP was shown to form a complex with TEAD and binds to 

the promoter of PD-L1 via a DNA binding domain 27. ERK activation has been shown to 

increase the expression and activity of c-JUN 35, and PD-L1 transcription could be 

suppressed by MEK inhibition in multiple myeloma cells 29, 31. In contrast to our data, PD-

L1 up-regulation in melanoma cells resistant to inhibitors of BRAF or MEK was attributed, 

in part, to post-transcriptional mechanisms 3. Furthermore, no association was found 

between mutations in BRAF, NRAS, PTEN, or amplification of AKT 2 and the level of PD-

L1 expression in melanoma cell lines, suggesting tumor cell type-related differences. 

Preclinical studies indicate that BRAF inhibition causes a rapid feedback activation of 

EGFR, which supports continued proliferation in the presence of BRAF inhibition 39. In a 

clinical trial, patients with BRAFV600E CRCs treated concurrently with inhibitors of BRAF, 

EGFR and MEK achieved greater MAPK suppression which resulted in improved efficacy 
12. Our data demonstrates that BRAF activation, which can be mediated by EGFR, 

transcriptionally upregulates tumor cell PD-L1 expression which can enhance 

chemotherapy-induced apoptosis. To establish a link between EGFR and PD-L1 in CRC 

cells, studies to examine the effects of EGFR antagonism on PD-L1 levels are of interest 

Using TCGA data, we confirmed that human colon cancers with BRAFV600E show 

increased PD-L1 mRNA expression compared to tumors with non mutated BRAF. While 
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BRAFV600E is enriched in CRCs with microsatellite instability (MSI-high) 9, 48, we 

observed that BRAFV600E can increase PD-L1 expression in the microsatellite stable DiFi 

cell line indicating that RAF-MAPK-induced PD-L1 is not limited to MSI CRC cells.

To date, sparse data exist for tumor cell-intrinsic PD-L1 or PD-1 and their non 

immunological functions in human cancer cells. We found that PD-L1 knockout CRC cells 

had a slower growth rate than did parental cells including after implantation into nude mice, 

which could be enhanced by ectopic PD-L1 expression. These data indicate that this effect 

occurred in the absence of a functional adaptive immune system. Consistent with this 

finding, suppression of PD-L1 or PD-L1 deficiency in ovarian and melanoma cancer cell 

lines reduced their proliferation and delayed formation of tumors compared to respective 

controls in both immunocompetent and in immunodeficient NSG mice 11,24. Data for the 

ability of PD-L1 to regulate apoptotic susceptibility derives from a limited number of studies 

in solid tumor cell lines 16, 30, 49. We found that tumor cell-intrinsic PD-L1 can regulate 

chemosensitivity whereby knockout of PD-L1 confered resistance to apoptosis induction by 

diverse cytotoxic drugs in both human and murine CRC cell lines. Since genome editing by 

CRISPR/Cas9 may induce off target effects 53, we demonstrated that ectopic PD-L1 can 

restore drug-induced apoptotic susceptibility. Ectopic expression of deletion mutants of the 

intra- or extra-cellular domain of PD-L1 were unable to restore sensitivity to drug-induced 

apoptosis. This finding suggests that both domains are structurally and/or functionally 

necessary for the regulation of apoptosis by PD-L1. We confirmed our in vitro data in an 

immunodeficient murine xenograft model where tumors generated from PD-L1 knockout 

cells displayed resistance to oxaliplatin-induced tumor regression compared to vehicle-

treated tumors that were significantly growth inhibited. We utilized human RKO and murine 

MC38 colon cancer cells that were found to lack endogenous PD-1 expression. Therefore, 

our data demonstrate a PD-1 independent ability of PD-L1 to regulate chemotherapy-

induced apoptosis. In contrast to our data, knockdown of PD-L1 has been shown to sensitize 

breast cancer 16, small cell lung cancer 49, and lymphoma cells 30 to chemotherapy-induced 

apoptosis. These reported differences suggest that such findings are tumor cell type-specific.

Insight into the mechanism by which PD-L1 can regulate apoptosis was gained from 

analysis of the effect of manipulation of PD-L1 on Bcl-2 family proteins. We observed a 

reduction in pro-apoptotic BH3-only proteins BIM and BIK in PD-L1 knockout RKO and 

MC38 cells that was reversed by re-expression of wild-type PD-L1. Ectopic expression of 

BIM in PD-L1 knockout cells was sufficient to restore apoptotic susceptibility to 

chemotherapy. BIM has been shown to directly activate BAX and BAK resulting in their 

homo-oligomerization that promotes mitochondrial membrane permeabilization and 

apoptosis 1. Since PD-L1 had no effect on BIM or BIK transcription, analysis of post 

translational mechanisms appear to be warranted. Knockout of PD-L1 was shown to 

downregulate p-AKT, and it has been reported that inhibition of AKT can activate the FoxO 

transcription factors and enhance the expression of the target genes BIM and PTEN 32. 

However, inhibition of AKT did not appreciably alter BIM or BIK expression in CRC cells.

To examine the clinical relevance of our findings, we determined the relationship between 

PD-L1 expression in colon cancers with patient survival using data from TCGA 9. We found 

that high vs low dichotomized expression of PD-L1 mRNA in TNM stages III and IV human 
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colon cancers was associated with significantly better patient survival. Furthermore, we 

confirmed that PD-L1 proteins are expressed in human CRC cells in addition to peritumoral 

lymphoid cells. While treatment data are not available from TCGA, chemotherapy treatment 

is standard of care for patients with stage III and IV colon cancer. These data suggest that in 

CRC patients treated with cytotoxic chemotherapy, increased PD-L1 is associated with 

better clinical outcome. Furthermore, these data for PD-L1 and patient outcome are 

consistent with our preclinical data, and with reports in patients with CRC where high vs 

low PD-L1 expression was associated with better survival 5, 15, 28, although conflicting data 

exist 42.

In summary, we found that BRAFV600E can transcriptionally up-regulate PD-L1 expression 

that was shown to induce BIM and BIK proteins to enhance chemotherapy-induced 

apoptosis. These data indicate a novel tumor cell-intrinsic PD-L1 effect that is non immune-

mediated, and which suggests a broader role for PD-L1 as a potential predictive biomarker 

for response to cancer treatment.

Materials and Methods

Gene expression analysis in TCGA RNA-Seq data

TCGA RNA-Seq of human CRCs and associated somatic mutation data (in VCF format) 

together with the metadata for 478 samples and 41 normal colonic tissue samples were 

downloaded using GDC data portal (https://gdc.cancer.gov/access-data/gdc-data-portal). 

Somatic mutation data were utilized to classify CRC cases into those with mutation in 

BRAF or KRAS or wild-type (wt) for both genes. Log transformation of normalized gene 

expression in Fragments Per Kilobase of transcript per Million mapped reads (FPKM) was 

performed. The R ggplot2 package was utilized for data plotting.

Cell culture and reagents

BRAF mutant RKO and BRAF/KRAS wt Difi human CRC cell lines were obtained from the 

ATCC. Isogenic RKO [A19 (BRAFV600E/−/−), T29 (BRAFWT/−/−)] and VACO432 VT1 

(BRAFWT/−) human CRC cell lines were obtained from Dr. B. Vogelstein [Genetic 

Resources Core Facility (GRCF), Johns Hopkins University, Baltimore, MD]. MC38 murine 

CRC cells were previously described 45. All cell lines were tested and authenticated using 

short tandem repeat analysis. Cell lines were also routinely tested for Mycoplasma 

contamination every 3 months with a MycoAlert Mycoplasma detection set (Lonza, 

Allendale, NJ). Cells were cultured as monolayers in RPMI medium (Invitrogen, Carlsbad, 

CA, catalog no. 11875) with a supplementation of 10% FBS and 1% antibiotic–antimycotic 

(Invitrogen, Carlsbad, CA, catalog no. 15240). Lentivirus producer cells, HEK293T, were 

grown in high-glucose DMEM (Sigma, St. Louis, MO, catalog no. D5796) that was 

supplemented as above.

Cells were treated with cobimetinib (GDC-0973/XL-518; Active Biochem, Hong Kong, 

China, catalog no. A-1180), irinotecan (Sigma, St. Louis, MO, catalog no. I1406), 

oxaliplatin (Sigma, St. Louis, MO, catalog no. O9512), carfilzomib (LC Labs, Woburn, MA, 

catalog no. C-3022), or gemcitabine (Selleck, Houston, TX, catalog no. S1714) at indicated 
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doses and times. Drugs were dissolved in DMSO, prepared as stock solutions, aliquoted, and 

then stored at −20°C. Drugs were diluted in growth medium at the time of treatment. Anti-

human (H1A clone) or mouse PD-L1 (10F.9G2, Bioxcell, West Lebanon, NH,) antibody 

treatment was performed in Opti-MEM medium (ThermoFisher Scientific, Waltham, MA, 

catalog no. 31985062). For immunoblotting, a rabbit monoclonal anti-PDL1 antibody 

(E1L3N, Cell Signaling, Danvers, MA) was used. All other primary antibodies were 

purchased from Cell Signaling Technology.

Lentiviral CRISPR knockout, mutagenesis and ectopic gene expression

Human PD-L1 (CD274) guide RNA (target sequence TACCGCTGCATGATCAGCTA) 

cloned in lentiviral vector pLentiCRISPRv2 was purchased from Genscript. Lentiviral 

BRAFV600E, doxycycline-inducible mutant KRAS 51 and wild-type BIM were previously 

described 51. Human PD-L1 cDNA template was obtained from Origene (Rockville, MD, 

catalog no. sc115168) and subcloned into vector pCDH1-puro-2HA. Generation of PD-L1 
deletion mutants of intracellular or extracellular domains was performed using specific PCR 

primers. Production and transduction of lentivirus into target cells and elimination of non-

transduced target cells were performed per standard procedure 21.

siRNA transfection

YAP1 and c-JUN siRNA were purchased from Santa Cruz Biotechnology (Dallas, TX, 

catalog no. sc-38637) and Cell Signaling Technology (Danvers, MA, catalog no. #6204); 

AllStars Negative Control siRNA was obtained from Qiagen (Germantown, MD, catalog no. 

SI03650318). YAP1 and c-JUN siRNA at 100 nmol/L, alone or in combination, were 

transfected into RKO cells, as previously described 52. Briefly, Lipofectamine RNAi Max 

(Invitrogen, Carlsbad, CA, catalog no. 13778150) and siRNA were each diluted in Opti-

MEM medium (Invitrogen Carlsbad, CA), which were then combined to form siRNA-lipid 

complex and added to target cells that were grown in antibiotics-free medium at 30%–50% 

confluence at time of transfection. Knockdown efficiency was verified 48 hours post 

transfection.

Apoptosis assay

After treatment, floating cells in growth medium were combined with adherent cells that 

were detached using TrypLE™ Express Enzyme (ThermoFisher Scientific, Waltham, MA, 

catalog no. 12604013). Cells were then washed 3x in cold PBS, resuspended in 1x Annexin 

V binding solution (BD Biosciences, San Jose, CA, catalog no. 556454) and stained with 

Annexin V conjugated with FITC (BD Biosciences, San Jose, CA, catalog no. 556419). 

Apoptotic cells were quantified by flow cytometry. Results were imported into Matlab 

(Mathworks, Natick,MA) and processed.

Immunoblotting

Protein lysates were prepared in a lysis buffer [5 mmol/L MgCl2, 137 mmol/L KCl, 1 

mmol/L EDTA, 1 mmol/L EGTA, 1% CHAPS, 10 mmol/L HEPES (pH 7.5)] supplemented 

with a protease inhibitor cocktail and a phosphatase inhibitor cocktail 2 (both from Sigma, 

St. Louis, MO), and then normalized using NanoDrop measurement (Thermofisher 
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scientific, Waltham, MA) or Bio-Rad protein assay (Hercules, CA, catalog no. 500–0006). 

After being denatured in LDS sample buffer (Invitrogen) supplemented with 2-

Mercaptoethanol (Bio-Rad, Hercules, CA), protein samples were loaded onto 10% or 14% 

SDS-PAGE gels which were then transferred electrophoretically onto a polyvinylidene 

difluoride membrane (Bio-Rad, Hercules, CA). The membrane was blocked with 0.2% I-

Block (Applied Biosystems, Grand Island, NY) in PBS-T (PBS containing 0.1% Tween 20) 

and incubated with the primary antibodies in PBS-T containing 0.2% I-Block overnight at 

4°C or at room temperature for 3 hours. The membranes were then washed and incubated 

with a secondary antibody in PBS-T containing 0.2% I-Block conjugated to alkaline 

phosphatase, followed by development with CDP-Star substrate (Applied Biosystems, Grand 

Island, NY).

Clongenic assay

Cells were inoculated at a density of 200 cells per well in 6-well plates. After attachment, 

fresh growth medium was added and cells were allowed to grow for 8–10 days. Cell colonies 

were visualized by fixation in 10% methanol/10% acetic acid and stained with 0.5% crystal 

violet in 10% methanol. Each condition was performed in triplicate. Colony area was 

estimated using the ImageJ plugin ColonyArea 17.

Competitive RT-PCR

Total RNA was extracted from parental or PD-L1 knockout MC38 cells with or without re-

expression of human wild-type PD-L1 or its deletion mutants of the intracellular or 

extracellular domain. Competitive RT-PCR was performed with a one-step RT-PCR kit 

(Qiagen, Germantown, MD) using the following primer sets containing a 4:1 molar ratio of 

BIM (forward, 5′- CGACAGTCTCAGGAGGAACC-3′; reverse, 5′-
CCTTCTCCATACCAGACGGA-3′) or BIK (forward, 5′- GAGCCTGTGAGAGACGTGG 

−3′; reverse, 5′- CGAGTCTGTGTATAGCAATCCCA −3′) against β-actin (forward, 5′- 
GTGACGTTGACATCCGTAAAGA −3′; reverse, 5′- GCCGGACTCATCGTACTCC −3′). 
Reverse transcription was coupled with PCR (25 cycles) on a thermocycler (Applied 

Biosystems, Grand Island, NY). PCR products were quantified on the Agilent Bioanalyzer 

2000 using the DNA 1 000 kit. In brief, samples were loaded onto DNA microchips, and the 

DNA fragments were then separated by capillary electrophoresis. The target DNA sizes and 

relative quantities were calculated on the basis of DNA ladders and an internal marker, 

respectively. The associated software then generated agarose gel-like images.

Immunohistochemistry (IHC)

IHC for PD-L1 protein expression was performed in formalin-fixed, paraffin-embedded 

(FFPE) tumor sections on a BenchMark XT automated slide stainer (Ventana Medical 

Systems, Inc., Tucson, AZ). After deparaffinization, endogenous peroxidase activity was 

blocked. Staining was performed with PD-L1 antibody to demonstrate PD-L1 expression. 

Specimens were incubated with the PD-L1 antibody (diluted 1:100; SP263, Ventana Medical 

Systems, Tucson, AZ) at 37°C for 16 minutes. PD-L1 was detected with the ultraView 

Universal DAB Detection kit (Ventana) where the ultraView Universal HRP multimer was 

substituted for an HRP conjugated goat anti-Rabbit secondary antibody. Following 

chromogenic detection, all slides were counterstained with Hematoxylin II and Bluing 
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Reagent (Ventana) and coverslips were applied. Stained slides were evaluated independently 

by two pathologists blinded to BRAFV600E mutation status. Immunostaining was scored for 

the percentage of tumor cell immunoreactivity.

MC38 tumor xenograft model

Immunodeficient SCID female mice at 4–6 weeks of age were purchased from Charles River 

Laboratories. Cultured murine CRC cell lines including parental MC38 cells and PD-L1 
knockout cells were injected subcutaneously into the right flank of each mouse. Mice were 

then returned to the biosafety room for continued observation of tumor growth. Variance in 

growth rates of tumor xenografts derived from parental and PD-L1 knockout cells was 

evaluated, followed by an experiment to estimate the effect size for chemosensitivity. A 

sample size calculation for detection of the pre-specified effect size was based on estimation 

of within-group tumor size variance and between-group effect size. Tumor growth inhibition 

experiments were then performed in 10 mice/group and subsequently repeated. When 

tumors reached approximately 100 mm3 at approximately 2 weeks post injection, oxaliplatin 

(10 mg/kg) vs PBS was administered twice per week by intraperitoneal injection for three 

weeks. Tumor sizes were measured three times per week throughout the duration of the 

experiment. At the end of the experiment, mice were euthanized and xenograft tumor tissues 

were immediately harvested and divided into those that were snap frozen or fixed in10% 

neutral buffered formalin and embedded in paraffin. All the animal experiments were 

performed following Reporting of In Vivo Experiments (ARRIVE) guidelines under an 

animal protocol approved by the Mayo Clinic Institutional Animal Care and Use Committee.

Statistical analysis

Annexin V data in cell culture experiments, clonogenic survival assays, and tumor volumes 

in murine xenograft models were expressed as mean ± SD. All cell culture experiments were 

performed in triplicate. Student t test (two-tailed) was performed for statistical significance 

with α < 0.05 used as the cut-off.

Kaplan–Meier survival plots were generated for PD-L1 and PD-1 mRNA expression in 

human stage III and IV colon cancers, using “survminer” package [UALCAN: A Portal for 

Facilitating Tumor Subgroup Gene Expression and Survival Analyses]. The survival curves 

of samples with high gene expression and low/medium gene expression were compared by 

the log rank test.
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Fig. 1. BRAFV600E upregulates PD-L1 expression in CRC cells.
A, PD-L1protein expression were examined in multiple human CRC cell lines by 

immunoblotting (left). Isogenic RKO lines that differ in number of mutant BRAF alleles 

[parental (BRAFV600E/V600E/wt), A19 (BRAFV600E/−/−), and T29 (BRAFwt/−/−)] were 

compared for expression of PD-L1, pERK, and ERK. Expression of β-tubulin served as 

loading control. Expression of these proteins was also compared in DiFi and Vaco432 VT1 

cell lines containing ectopic BRAFV600E or empty vector (EV) [right]. Competitive RT-PCR 

was performed to compare PD-L1 mRNA among isogenic cells or those with ectopic 
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BRAFV600E/−/− versus EV (right). B, Cell surface expression of PD-L1 was quantified using 

flow cytometry and compared among isogenic RKO cells including parental 

(BRAFV600E/V600E/wt), A19 (BRAFV600E/−/−), and T29 (BRAFwt/−/−) as well as in Vaco432 

VT1 cell lines containing ectopic BRAFV600E or empty vector (EV) described. A 

fluorophore-conjugated IgG isotype served as a negative control for baseline staining. C, 
PD-L1 protein expression was examined in Isogenic HCT116 or DLD1 cell lines that 

contain a mutant (mt) or wild-type (wt) KRAS allele, or in HCT116 cells with docycycline-

inducible mutant KRAS (iKRAS). D, PD-L1 (CD274) gene expression data were extracted 

from TCGA RNA-Seq datasets for normal human colonic tissues (N = 41) and colon cancers 

that were categorized based on BRAFV600E (N = 49), mutant KRAS (N = 177) or wt copies 

of both genes (N = 225) using associated metadata; mRNA expression was compared among 

these colon cancer subtypes and normal tissue. Statistical significance was calculated using 

two-way ANOVA.** p<0.01. E. Representative immunohistochemical staining is shown for 

high (left panel) and low (right panel) PD-L1 protein expression in human colon cancer 

tissues.
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Fig. 2. Inhibition of MEK/ERK signaling downregulates BRAFV600E-induced PD-L1 expression.
A, RKO cell lines with isogenic BRAF or Vaco432 VT1 cells with ectopic BRAFV600E or 

empty vector (EV) were treated with cobimetinib and compared for protein expression of 

PD-L1, p-ERK, ERK, c-JUN and YAP by immunoblotting. B, RKO cells were transfected 

with A-RAF or C-RAF siRNA, and cell lysates were immunoblotted with the indicated 

antibodies. C, Expression of designated proteins was examined in Vaco432 VT1 cells with 

ectopic BRAFV600E or with EV that were treated with rapamycin. D, Expression of 

designated proteins was examined in HCT116 cells containing a doxycycline-inducible 
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mutant KRAS (i-KRAS) that were treated with cobimetinib. E, RKO cells were transfected 

with c-JUN and YAP siRNA alone and in combination, and the expression of indicated 

proteins was determined by immunoblotting.
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Fig. 3. PD-L1 knockout confers resistance to chemotherapy-induced apoptosis and DNA double 
strand breaks (DSBs) that can be reversed by re-expression of PD-L1, but not its deletion 
mutants.
A, B. RKO cells or those with PD-L1 knockout (KO) were treated with irinotecan (CPT-11), 

oxaliplatin, cobimetinib, or gemcitabine (B). Protein expression of the DSB marker pH2Ax 

and cleaved caspase-3 were examined by immunoblotting (A, B), while apoptotic cells were 

quantified by annexin V labelling followed by quantification using flow cytometry (B) 

Statistical significance was calculated using two-way ANOVA, n=3, * p<0.05,** p<0.01. C, 
PD-L1 knockout MC38 cells with stable ectopic expression of human PD-L1 or its deletion 
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mutants of the intracellular (ICD-d) or extracellular (ECD-d) domain were generated. The 

ability of the MC38, PD-L1 KO, or PD-L1 KO cells with re-expression of wild-type (WT) 

PD-L1 or empty vector (EV) to form colonies was determined using a clonogenic assay. The 

data is presented as mean±s.e.m. of n = 3 independent experiments. Statistical significance 

was calculated using two-way ANOVA, * p<0.05,** p<0.01. D, The MC38 cell line and its 

derivatives were treated with CPT-11 or oxaliplatin for 24h and annexin V+ apoptotic cells 

were quantified, and expression of pH2AX and caspase-3 were determined. The data are 

presented as mean s.e.m. of n = 3 independent experiments. Statistical significance was 

calculated using two-way ANOVA.** p<0.01.
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Fig. 4. Knockout or antibody antagonism of PD-L1 attenuates expression of pro-apoptotic BH3-
only BIM and BIK proteins and reduces chemotherapy-induced apoptosis.
A, Parental or PD-L1 knockout RKO or MC38 cells with or without re-expression of wild-

type (WT) PD-L1 or its extracellular(ECD) or intracellular (ICD) deletion mutants were 

compared for expression of endogenous or drug-induced Bcl-2 family proteins, p-AKT or 

AKT. In parental vs PD-L1 knockout cells, Bim or Bik expression was examined in absence 

of presence of cobimetinib or carfilzomib, respectively. B, RKO or MC38 cells were treated 

with an anti-PD-L1 antibody or an isotype control, and expression of p-AKT, AKT, Bim and 
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Bik was evaluated by immunoblotting. C, MC38 cells were treated with irinotecan (CPT-11) 

or oxaliplatin (OXA) in the presence or absence of an anti-PD-L1 antibody, and annexin V+ 

apoptotic cells were quantified. Statistical significance was calculated using two-way 

ANOVA; ** p<0.01.D, Expression of PD-1 in human or murine CRC cell lines was 

determined by immunoblotting. MOLT4 cells were utilized as positive control for human 

cells, while spleen tissue from wild-type (wt) or PD-L1 knockout (KO) mice serve as 

positive and negative control of PD-1 expression, respectively. The data is presented as mean 

± S.E.M. of 3 independent experiments. Statistical significance was calculated using two-

way ANOVA, * p<0.05,** p<0.01.
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Fig. 5. Ectopic BIM expression in PD-L1 knockout MC38 cells enhances irinotecan or 
oxaliplatin-induced apoptosis.
A, MC38 cells with or without re-expression of wild-type (WT) PD-L1 or its deletion 

mutants were compared for Bim or Bik mRNA expression using competitive RT-PCR. B, 

Expression of indicated proteins was examined in RKO and MC38 cells that were treated 

with p-AKT inhibitor, wortmannin for 24 h. C, D, Parental or PD-L1 knockout MC38 cells 

with or without doxycycline-inducible Bim were treated with irinotecan or oxaliplatin in the 

presence or absence of doxycycline. Expression of indicated proteins were examined by 
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immunoblotting; D, and annexin V+ apoptotic cells were quantified by flow cytometry. The 

data is presented as mean ±s.e.m. of n = 3 independent experiments. Statistical significance 

was calculated using two-way ANOVA, * p<0.05,** p<0.01.

Feng et al. Page 24

Oncogene. Author manuscript; available in PMC 2020 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Tumor xenografts generated from PD-L1 knockout cells display resistance to 
chemotherapy-mediated tumor regression.
A, PD-L1 knockout and parental MC38 cell lines were implanted into the flanks of nude 

mice to generate tumor xenografts. Once tumors developed, mice were treated with 

oxaliplatin or vehicle, tumor growth was monitored, and tumor volume measurements were 

made. In parental cells, oxaliplatin was shown to significantly attenuate tumor growth 

compared to vehicle treated mice (left panel). In contrast, treatment of PD-L1 knockout cells 

with oxaliplatin failed to suppress tumor growth compared to vehicle (right panel), 
indicating chemoresistance. Representative examples of tumor xenografts derived from 
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parental and PD-L1 knockout cells are shown. Statistical significance was calculated using 

two-way ANOVA, n=8,* p<0.05. B, TCGA RNA datasets were utilized to determine the 

association of the level of PD-L1 mRNA expression in resected colon cancers with patient 

survival. In patients with stage III and IV colon carcinomas, tumors with high (red color) vs 

low (blue color) PD-L1 expression were significantly associated with better survival rates.
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