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High expression of programmed death-ligand 1 (PD-L1) in cancer
cells drives immune-independent, cell-intrinsic functions, leading
to resistance to DNA-damaging therapies. We find that high
expression of the ubiquitin E3 ligase FBXO22 sensitizes nonsmall
cell lung cancer (NSCLC) cells to ionizing radiation (IR) and cisplatin,
and that activation of FBXO22 by phosphorylation is necessary for
this function. Importantly, FBXO22 activates PD-L1 ubiquitination
and degradation, which in turn increases the sensitivity of NSCLC
cells to DNA damage. Cyclin-dependent kinase 5 (CDK5), aber-
rantly active in cancer cells, plays a crucial role in increasing the
expression of PD-L1 in medulloblastoma [R. D. Dorand et al.,
Science 353, 399–403 (2016)]. We show in NSCLC cells that inhibit-
ing CDK5 or reducing its expression increases the level of FBXO22,
decreases that of PD-L1, and increases the sensitivity of the cells to
DNA damage. We conclude that FBXO22 is a substrate of CDK5,
and that inhibiting CDK5 reduces PD-L1 indirectly by increasing
FBXO22. Pairing inhibitors of CDK5 with immune checkpoint inhib-
itors may increase the efficacy of immune checkpoint blockade
alone or in combination with DNA-damaging therapies.
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Lung cancer is the leading cause of cancer-related deaths
in the United States, where nonsmall cell lung cancer

(NSCLC) represents about 85% of all lung cancer. Despite sig-
nificant advances in targeted therapies, DNA-damaging cyto-
toxic therapies, including ionizing radiation (IR) and cisplatin,
remain the mainstay for the majority of patients with NSCLC
(1, 2). However, intrinsic and acquired resistance present major
limitations to these therapies. To obtain improved clinical
responses in NSCLC, it is crucial to develop new therapeutic
strategies to overcome this resistance. We have developed a
powerful validation-based insertional mutagenesis (VBIM)
method that identifies proteins whose overexpression confers
resistance to chemotherapeutic drugs (3, 4). Utilizing this method,
we found that overexpression of a dominant-negative truncated
form of the ubiquitin E3 ligase FBXO22 (5) confers resistance
to IR in NSCLC cells. Importantly, full-length, wild-type (WT)
FBXO22 has the opposite effect, sensitizing NSCLC cells to both
IR and cisplatin.

FBXO22 is a member of the F-box family, which constitutes
subunits of the ubiquitin E3 ligase complex SCF (SKP1–cullin–
F-box) (5). When overexpressed F-box proteins can function as
tumor suppressors if their substrates are oncoproteins or as
oncoproteins if their substrates are tumor suppressors (6).
Mammals have about 70 F-box proteins, which can be divided
into three families, F-box and WD40 domain (FBXW), F-box
and Leu-rich repeat (FBXL), and F-box only (FBXO) (7).
Recent studies showed that FBXO22 targets key regulators of
cellular activators of ubiquitination and protein degradation,
and that it plays important roles in several different types of
cancer. It inhibits breast cancer metastasis by targeting HDM2
(8), by suppressing the epithelial–mesenchymal transition (EMT),
and by promoting the proteasomal degradation of SNAIL (9). In
renal cell carcinoma, FBXO22 suppresses cell motility and EMT
by inhibiting the expression of both metalloproteinase-9 (MMP-9)

and VEGF (10). Suppression of FBXO22-dependent degradation
of the transcription regulatory protein BACH1 leads to NSCLC
metastasis (11). In contrast, a tumorigenic role of FBXO22 has
also been reported: it degrades the tumor suppressor PTEN in
colorectal cancer (12) and liver kinase B1 (LKB1) in NSCLC
(13). However, our studies, performed in cells having either wild-
type LKB1, or a loss of function mutation of LKB1, indicate
that LKB1 activity is not likely to be required for the CDK5–
FBXO22–PD-L1 pathway. Consistent with an earlier report that
FBXO22 sensitizes NSCLC cells to cisplatin (14), we observe
here that its overexpression and activation sensitizes NSCLC cells
to DNA-damaging therapies, and that this sensitivity was reversed
in cells depleted of FBXO22.

Programmed death-ligand 1 (PD-L1, also called B7-H1) is an
immune checkpoint protein that is highly expressed in cancer
cells, including lung cancer (15). PD-L1 binds to programmed
cell death protein 1 (PD-1), inhibiting CD8 T cell activity, thus
helping tumor cells to evade killing (16). High expression of
PD-L1 in cancer cells also drives immune-independent cell intrin-
sic functions (17) that enhance survival and confer resistance to
DNA-damaging therapies, including IR and cisplatin (18–20),
thereby increasing cancer cell survival and tumor progression.

Cyclin-dependent kinase 5 (CDK5), a proline-directed ser-
ine-threonine kinase that is aberrantly active in many tumor
types, plays a crucial role in increasing the expression level of
PD-L1 in medulloblastoma (21). In contrast to other members
of the CDK family, CDK5 is not activated by cyclins, and is
instead activated by the noncyclin regulatory proteins p35 and
p39 (22). Moreover, in contrast to other CDKs which require an
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activating phosphorylation on Thr-160 by CDK-activating kinase,
binding to p35 or p39 is sufficient to fully activate CDK5 (22).
High expression and deregulated activation of CDK5 correlates
with poor prognosis and shorter survival for cancer patients,
including those with NSCLC (23). CDK5 plays a role in the initia-
tion of the DNA damage response in cancer (24), and increased
expression levels and up-regulation of its activation follow expo-
sure of cancer cells to DNA damage–inducing agents, including
IR or chemotherapeutic drugs, leading to an increase in resis-
tance to these treatments (25). Roscovitine (Seliciclib) inhibits
CDKs through direct competition with adenosine trisphosphate
(ATP) and has been used in several different cancers, including
NSCLC (26). Here, we show that FBXO22 degrades PD-L1 in
NSCLC cells, leading to increased sensitivity to DNA-damaging
therapies, and that CDK5 increases PD-L1 expression by nega-
tively regulating FBXO22.

Results
High Expression of FBXO22 Increases Sensitivity to IR and Cisplatin.
To identify regulators of resistance to IR, we used the VBIM
method of insertional mutagenesis (3, 4, 27). EBC-1 squamous
carcinoma cells were infected with VBIM lentiviruses and
exposed cumulatively to three rounds of ionizing radiation (5,
5, and 10 Gy), with expansion of the surviving cells after each

round. Since vector-specific RNA is covalently linked to RNA
downstream of insertion sites that are activated by the vector’s
CMV promoter, we were able to identify VBIM-targeted
RNAs by high throughput sequencing (HTS) of pooled RNA
from the entire surviving population. Two vector–cellular RNA
fusions were very substantially enriched in this experiment. Nic-
otinamide phosphoribosyl transferase (NAMPT) and FBXO22
represented about 25 and 8%, respectively, of the total VBIM-
tagged RNA sequences. NAMPT is the rate-limiting enzyme in
NAD biosynthesis (28), and NAMPT inhibitors enhance sensi-
tivity to IR in cancer (29), indicating that NAMPT mediates
resistance to DNA damage. The vector–FBXO22 RNA encodes
a C-terminal fragment of the full-length protein that acts as a
dominant negative and, consistently, increased expression of a
cDNA encoding full-length FBXO22 (Fig. 1A) significantly
reduces cell survival in response to IR (Fig. 1B). In summary,
from a single screen in which we used RNA sequencing (RNA-
seq) to identify vector–cellular RNA fusions, we identified two
proteins that regulate radiosensitivity. Importantly, increased
expression of FBXO22 also increases sensitivity to the DNA-
damaging therapeutic agent cisplatin (Fig. 1C). Furthermore,
we revealed by Kaplan–Meier analysis that high expression
of FBXO22 is significantly associated with higher overall
survival in lung cancer patients (SI Appendix, Fig. S1), showing

Fig. 1. High expression of FBXO22 increases sensitivity to IR and cisplatin. (A) FBXO22 was overexpressed in EBC-1 cells (FBX). Controls were cells with
empty vector (Vec). (B) The cells were exposed to IR (2, 5, or 10 Gy) or kept untreated. Seven days after exposure, the cells were lysed and the A260 was
measured as an indication of the total amount of nucleic acid. The fraction of surviving cells was calculated relative to untreated cells. (C) Cells were
treated with cisplatin and the survival was determined after 72 h. The fraction of surviving cells was calculated relative to vehicle controls. (D) FBXO22
was overexpressed in A549 cells. Cell survival was measured after treatment with IR (E) or cisplatin (F). (G) FBXO22 was overexpressed in Calu1 cells. Cell
survival was measured after treatment with IR (H) or cisplatin (I). (J) The level of FBXO22 was analyzed in FBXO22 knockout (KO) A549 cells. The cells
were exposed to IR, and their viability was determined 7 d later (K). Each cell survival assay was performed at least three times, and the data shown repre-
sent means ± SD of three experiments, in which each measurement was performed in triplicate. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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the clinical significance of high FBXO22 expression. Since
adenocarcinoma is the most common histologic subtype of
NSCLC (30), we used the NSCLC adenocarcinoma cell line
A549 to better understand the role of FBXO22 in mediating
responses to IR or cisplatin. We also studied the NSCLC squa-
mous cell carcinoma cell line Calu1. Both cell lines are resistant
to IR (31, 32). In A549 and Calu1 cells, increasing the expres-
sion of FBXO22 increases their sensitivity to IR and cisplatin
(Fig. 1 D–F for A549 and Fig. 1 G–I for Calu1). Consistently, in
FBXO22-null A549 cells, generated by using CRISPR-Cas9
technology (Fig. 1J), the sensitivity to IR was decreased (Fig. 1K).
Furthermore, overexpressing FBXO22 also increased sensitivity to
IR in breast (MDAMB231, MCF7) and colon (HCT116) cancer
cells (SI Appendix, Fig. S2). Interestingly, increased expression of
FBXO22 did not increase sensitivity to IR in nontumorigenic
human mammary epithelial (hTERT-HME) cells (SI Appendix,
Fig. S3).

High Expression of FBXO22 Decreases the Levels of PD-L1. High
expression of PD-L1 confers resistance to IR and increases
intrinsic prosurvival signals in cancer cells, thus favoring tumor
progression (19, 33). We find that overexpression of FBXO22
drastically decreased PD-L1 levels in A549 cells, and that this
decrease was reversed when FBXO22 was depleted (Fig. 2A).
FBXO22 overexpression also decreased PD-L1 levels in Calu1
cells (Fig. 2B) and in the small cell lung cancer cell line H196,
both of which have very high basal levels of PD-L1 (Fig. 2C).
When we knocked the expression of PD-L1 down in Calu1
cells, the sensitivity to IR or cisplatin was increased (Fig. 2
D–F). We conclude that overexpressing FBXO22 increases the
sensitivity of cancer cells to IR and cisplatin by decreasing
PD-L1 expression.

FBXO22 Mediates the Ubiquitination and Degradation of PD-L1.
FBXO22 is known to target several cellular proteins for degra-
dation (8, 9, 11, 14). To understand how FBXO22 decreases
PD-L1 levels, we first showed that the ability of FBXO22 to
reduce PD-L1 levels was reversed when the cells were treated
with the proteasome inhibitor MG132 (Fig. 3A), indicating that
the FBXO22-driven down-regulation of PD-L1 requires the
activity of the 26S proteasome. The increase in PD-L1 level was
not observed in control cells following treatment with MG132
(Fig. 3B). We next used in-cell assays for ubiquitination to
investigate whether FBXO22 promoted the ubiquitination of
PD-L1 as the basis of its enhanced degradation. Immunopre-
cipitation assays were performed with antibodies to PD-L1 in
vector control or FBXO22 overexpressing cells treated with
MG132, followed by Western analysis using anti-ubiquitin or
anti–PD-L1. Increased expression of FBXO22 remarkably
increased the polyubiquitination of endogenous PD-L1 in Calu1
cells (Fig. 3C). Moreover, increased expression of FBXO22 sub-
stantially promoted the ubiquitination of PD-L1 in A549 cells
(pretreated with interferon-γ to increase PD-L1 expression), and
this activity was reduced when FBXO22 expression was reduced
by knockout (Fig. 3 D and E). In summary, these results support
the hypothesis that FBXO22 mediates the ubiquitination and deg-
radation of PD-L1 and thus sensitizes cells to DNA damage.

Down-Regulation or Inhibition of CDK5 Increases the Levels of
FBXO22 and Decreases Those of PD-L1, Thus Enhancing the Sensitivity
of Cells to DNA Damage. Independent of its immune-suppressive
activity, high expression of PD-L1 in cancer cells promotes
proliferation and survival (17). The expression of PD-L1 is reg-
ulated by a variety of mechanisms (34). A previous study
showed that CDK5 up-regulates the expression of PD-L1 in

PD-L1

GAPDH

Calu1
D

Cis (µM)
0

20

40

60

80 shNON
shPD-L1

**

***
**

1.25 2.5 5

F

%
 c

el
l s

ur
vi

va
l

0

20

40

60

80

100

*

*

2 4 8IR (Gy)

shNON
shPD-L1

E

**

C H196

FBXO22

GAPDH

PD-L1

A

PD-L1

GAPDH

A549

FBXO22

GAPDH

B

PD-L1

GAPDH

Calu1

FBXO22

GAPDH

Fig. 2. FBXO22 overexpression decreases PD-L1 and increases sensitivity to IR or cisplatin. (A) PD-L1 protein levels were determined by Western analysis of
lysates of A549 cells either expressing FBXO22 (FBX) or depleted for this protein (KO), compared to vector controls (Vec). GAPDH was used as a loading con-
trol. (B and C) PD-L1 levels were determined in Calu1 (B) or H196 cells (C) overexpressing FBXO22, compared to vector controls. GAPDH was used as a loading
control. (D) Whole-cell lysates of Calu1 cells expressing a shRNA targeting PD-L1 were analyzed by the Western method. (E) The cells were exposed to IR, and
their viability was determined 7 d after exposure to IR. (F) The cells were treated with cisplatin and survival was measured 72 h after treatment. Data shown
represent means ± SD of three experiments in which each measurement was performed in triplicate. *P < 0.05; **P < 0.01; ***P < 0.001.

CE
LL

BI
O
LO

G
Y

De et al.
The ubiquitin E3 ligase FBXO22 degrades PD-L1 and sensitizes cancer cells to DNA damage

PNAS j 3 of 7
https://doi.org/10.1073/pnas.2112674118

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112674118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112674118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112674118/-/DCSupplemental


medulloblastoma (21), prompting us to investigate whether
CDK5 regulates PD-L1 levels in NSCLC cells. Down-
regulation of CDK5 with a shRNA in A549 (Fig. 4A), Calu1
(Fig. 4B), H1299, or PC9 (SI Appendix, Fig. S4) cells decreased
PD-L1 levels and, importantly, also increased the levels of
FBXO22. Furthermore, inhibiting CDK5 with Roscovitine also
increased the levels of FBXO22 and decreased those of PD-L1
(Fig. 4 C–F), indicating that CDK5-dependent phosphorylation
of target protein increases the expression of PD-L1. Therefore,
inhibiting CDK5 to suppress PD-L1 presents a plausible strategy
for increasing the sensitivity of cells to IR or cisplatin in some

cancers. Indeed, down-regulation of CDK5 or treatment with
Roscovitine did increase the sensitivity of NSCLC cells to IR or
cisplatin (Fig. 4 G–J), indicating that high levels of PD-L1 expres-
sion in cancer cells desensitizes them to DNA-damaging thera-
pies, independently of immune-mediated responses.

Identification of Residues of FBXO22 that Are Phosphorylated in
Response to IR. Phosphorylation of a different member of the
F-box family, FBXO31, increases in response to IR, resulting in
its stabilization and the subsequent degradation of its substrate
(35). Since FBXO22 increases the sensitivity of cells to IR,

Fig. 3. FBXO22 mediates ubiquitination and degradation of PD-L1. (A and B) PD-L1 levels were determined by Western analysis after treatment with
MG132 (30 μM) for 6 h in A549 cells overexpressing FBXO22 (A) or transfected with the empty vector control (B). (C) Endogenous ubiquitination of PD-L1
was determined in Calu1 cells overexpressing FBXO22 (FBX) or the empty vector (Vec) after treatment with MG132 (30 μM for 6 h). Whole-cell lysates of
MG132-treated cells were used for immunoprecipitation of PD-L1 and the levels of ubiquitination and PD-L1 were measured by the Western method. (D
and E) Ubiquitination of PD-L1 in A549 cells, with or without manipulation of FBXO22 (overexpression in C; KO in D). The cells were stimulated with
interferon-γ (1 ng/mL) for 16 h, followed by MG132 (30 μM for 6 h). Immunoprecipitation was followed by Western analysis.

Fig. 4. Down-regulation or inhibition of CDK5 decreases PD-L1 expression and increases FBXO22 levels in NSCLC cells, enhancing their sensitivity to DNA
damage. (A and B) The expression levels of CDK5, PD-L1, and FBXO22 (FBX) were assayed by the Western method after knockdown of CDK5. (C–F) The
expression levels of FBXO22 (C and D) and PD-L1 (E and F) were assayed after treatment with Roscovitine (Rosco; 0.1 μM for A549 cells and 5 μM for
Calu1 cells) for 24 h. (G and H) The viability of CDK5 knockdown and control cells 7 d after exposure to IR was determined. The fraction of surviving cells
was calculated relative to untreated controls. (I and J) The cells were treated with Rosc or Rosc + cisplatin. After 72 h their viability was determined and
normalized to dimethylsulfoxide (DMSO) controls. Results are represented by means ± SD of three experiments. *P < 0.05; ***P < 0.001.
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we analyzed whether FBXO22 is similarly phosphorylated in
response to IR. We used mass spectrometry to analyze FBXO22
immunoprecipitated from A549 cells after irradiation. Phospho-
peptides were identified that correspond to (157)GIVTP-
GIVVTPMoGSGSNRPQEIEIGESGF(175) + PO3. The tandem
mass spectrometry spectra for the phosphorylated chymotryptic
peptide GIVTPGIVVTPMoGSGSNRPQEIEIGESGF + PO3 is
shown in SI Appendix, Fig. S5A. The masses of the y7 and y19 ions
are consistent with phosphorylation on either S160 or S162. The
degree of phosphorylation increased by about 3- or 4.7-fold,
respectively, after 6 or 24 h of exposure to IR (SI Appendix, Fig.
S5B). The amino acid sequence surrounding these residues in
human FBXO22 is highly conserved in several other mammalian
species, consistent with the possibility that their phosphorylation
might have important functions (SI Appendix, Fig. S5C).

Phosphorylation of FBXO22 Is Required to Decrease PD-L1 Levels
and Increase Sensitivity to IR. In stable A549 cells overexpressing
the single phosphorylation-deficient mutants S160A or S162A,
or the double mutant S160/162A (S2A), the increased sensitiv-
ity to IR mediated by the wild-type protein was lost (Fig. 5A).
To identify cancer-related mutations in FBXO22, we analyzed
the The Cancer Genome Atlas database, finding the Y390C
mutation in an NSCLC tumor. Furthermore, mutating Y390 to
F or C abolished the sensitivity to IR mediated by the wild-type
protein (Fig. 5B). FBXO22 mutations also increased the sensi-
tivity to IR in Calu1 cells (SI Appendix, Fig. S6). These results
show that phosphorylation and activation of FBXO22 on at
least two different residues is necessary to facilitate sensitivity
to IR. Consistent with data presented earlier, the decrease in
PD-L1 levels observed with increased expression of WT
FBXO22 was not seen when the phosphorylation of FBXO22
at S160, S162, or both was prevented by mutation, similar to
the effect of FBXO22 depletion (Fig. 5 C–E). In summary,

activation of FBXO22 by phosphorylation is required for it to
be able to degrade PD-L1 and thus to increase the sensitivity of
cells to DNA damage.

Discussion
In cancer cells, resistance to therapy is often due to the overex-
pression of a specific protein, often achieved through amplifica-
tion of the corresponding gene. Previously, we used the VBIM
method to show that overexpression of kinesins mediates resis-
tance to docetaxel (3), and that overexpression of SOS1 confers
resistance to erlotinib (4). More recently, we reported with
others that the VBIM-driven expression of a dominant-
negative, truncated form of the histone deacetylase ZIP leads
to resistance to tamoxifen in breast cancer cells (36). Here, we
used the VBIM method to discover that expression of a
dominant-negative truncated form of FBXO22 confers resis-
tance to IR in NSCLC cells, and that overexpression of the full-
length protein increases sensitivity to both IR and cisplatin. Some
substrates of FBXO22 have already been reported (8, 11).
We show here that FBOX22 expression and phosphorylation-
dependent activation are necessary to decrease the PD-L1 levels
in cancer cells.

Over the past decade, immune checkpoint blockade (ICB)
with antibodies targeting PD-L1 or PD-1 has shown remarkable
clinical responses in cancers, including NSCLC (37). However,
the clinical benefit of ICB has been observed in only a minority
of NSCLC patients. In first-line therapy, relatively high PD-L1
expression makes patients eligible for monotherapy with immune
checkpoint inhibitors, which is seen in about 20 to 25% of all
NSCLC patients (15). Recent studies indicate that, although
PD-L1 levels predict a good outcome and improved responses to
ICB therapy, elevated PD-L1 levels are paradoxically associated
with worse outcomes in NSCLC patients (38, 39). A high level of
PD-L1 expression in tumor cells is a major obstacle for ICB

Fig. 5. Phosphorylation of FBXO22 is required to increase sensitivity to IR. (A) FBXO22 levels were determined in A549 cells overexpressing WT FBXO22
or the FBXO22 mutants by Western analysis (Upper). The cells were exposed to IR and their viability was determined 7 d later (Lower). (B) FBXO22 levels
were determined in A549 cells overexpressing WT FBXO22 (WT FBX) or the FBXO22 mutants (Upper). Cell survival was measured after treatment with IR
(Lower). Data shown represent means ± SD of three experiments, in which each measurement was performed in triplicate. (C and D) PD-L1 levels were
determined in whole-cell lysates of A549 cells overexpressing WT or mutant FBXO22. (E) PD-L1 membrane protein levels were analyzed by flow cytometry
in cells overexpressing WT (WT FBX) or mutant FBXO22 (S2A, Y390C), or in FBXO22-depleted cells (KO). **P < 0.01; ***P < 0.001.
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therapy since, in addition to its strong immunosuppressive effect
on tumor-specific Tcells, PD-L1 also delivers intrinsic signals that
increase cancer cell proliferation and invasiveness, reducing the
efficacy of ICB therapy (17, 40). These observations highlight an
underappreciated role of high levels of PD-L1 in increasing the
tumorigenic potential of NSCLCs, independently of their immu-
nosuppressive properties. Earlier reports showed that PD-L1
undergoes ubiquitination and degradation catalyzed by some E3
ubiquitin ligases (41, 42), and that PD-L1 degradation effectively
promotes immunotherapy in various cancers, including NSCLC
(43). We show here that FBXO22 decreases PD-L1 levels by
ubiquitination and proteasomal degradation, suggesting that tar-
geting this pathway may be an attractive approach to enhance
ICB therapy.

To overcome the limitations of using ICB therapy alone, sev-
eral clinical trials are ongoing in which anti–PD-L1 is combined
with standard treatments, including radiotherapy, chemother-
apy, or other forms of immunotherapy. Although combined
therapies have improved outcomes compared to treatment with
anti–PD-L1 alone, resistance still develops. Radiotherapy or
chemotherapy up-regulates PD-L1 expression in cancer cells
(44, 45), which can also protect cancer cells against DNA dam-
age (19, 20). Combining H1A, a specific anti–PD-L1 antibody
that causes PD-L1 degradation, with IR or cisplatin signifi-
cantly increases antitumor activity (18). Consistently, we found
that down-regulating PD-L1 level increases sensitivity to IR or
cisplatin in NSCLC cells, suggesting that increased expression
of PD-L1 promotes resistance to DNA damage. Furthermore,
PD-L1 expression is induced in cancer cells in response to
inflammatory cytokines, such as interferon-γ, secreted by
immune cells within the tumor microenvironment, which facili-
tate disease progression (46). In a murine medulloblastoma
model, CDK5 regulates interferon-γ–induced PD-L1 expression
(21). It is also known that Roscovitine enhances radio sensitiv-
ity in NSCLC cells (47). We have now determined that down-
regulating CDK5 or inhibiting it with Roscovitine (21) increases
FBXO22 levels and decreases PD-L1 levels in NSCLC cells,
enhancing their sensitivity to IR or cisplatin. A very recent
study showed that CDK5 depletion promotes PD-L1 ubiquiti-
nation and degradation through ubiquitin ligase TRIM21 in
NSCLC cells (48). In addition to PD-L1, FBXO22 might target
other cellular proteins to enhance the sensitivity to IR or cis-
platin, a topic for future investigtion. Although Roscovitine
inhibits other CDKs (e.g., CDK1, CDK2, CDK7, and CDK9),
several studies have shown that it inhibits CDK5 preferentially
(49, 50). Roscovitine is the only CDK inhibitor so far that is
selective for CDK5 (51). In contrast to CDK5 inhibition, which
decreases PD-L1 levels, inhibiting other CDKs, including
CDK4/6, increases PD-L1 levels by disrupting the cullin3-SPOP
pathway that mediates PD-L1 ubiquitination and degradation
(41). Furthermore, CDK4/6 inhibitors effectively enhance ICB
therapy (41). These findings suggest that the effect of antitumor
drugs can be counteracted by high levels of PD-L1 expression,
leading to immune escape. A previous study reported that
the E3 ubiquitin ligase FBXW7, a well-characterized tumor
suppressor, is also a substrate of CDK5. Activated CDK5
phosphorylates serine residues of FBXW7, thus decreasing its
stability (52). Similarly, CDK5-mediated phosphorylation of
FBXO22 itself, or of a protein that mediates its stability,
decreases the levels of FBXO22 and therefore increases the sta-
bility of its substrate PD-L1.

In summary, our study uncovers FBXO22 as a specific E3
ubiquitin ligase that regulates PD-L1 levels through ubiquitina-
tion in cancer cells, where PD-L1 has an immune-independent,
tumor-intrinsic role. Our findings also provide mechanistic
insight into the role of CDK5 in increasing PD-L1 levels by
negatively regulating FBXO22 expression in NSCLC cells. We
show that CDK5 inhibition increases the level of FBXO22,

which in turn causes ubiquitination and degradation of PD-L1,
thus decreasing the sensitivity of these cells to DNA-damaging
therapies, which are mainstays of treatment for this disease
(Fig. 6). Increasing evidence suggests that PD-L1 protein deg-
radation effectively promotes cancer immunotherapy, and that
combinations with DNA-damaging therapies significantly
enhance this effect. Our study provides the rationale for an
approach in which a CDK5 inhibitor is combined not only with
anti–PD-L1 alone, but also with standard-of-care DNA-
damaging therapies in combination with ICB.

Materials and Methods
Cancer cell lines A549, Calu1, H1299 (NSCLC), MDAMB231, MCF7 (breast can-
cer), HCT116 (colon cancer), and H196 (small cell lung cancer) were obtained
from American Type Culture Collection. The PC9 cell line (NSCLC) was a kind
gift from Kazuto Nishio (Kinki, University School of Medicine, Osaka, Japan).
Noncancerous human mammary epithelial cells, hTERT-HME1, immortalized
with human telomerase reverse transcriptase, were purchased from Clontech.
VBIM vector constructs were described previously (27). Cell survival assays
were done as described previously (3). Western analyses were performed as
described previously (4). Ubiquitination assays were performed in cells overex-
pressing FBXO22 or in FBXO22-depleted cells. Detailed materials andmethods
are provided in SI Appendix, SIMaterials andMethods.

Data Availability. All study data are included in the article and/or supporting
information.

Fig. 6. Schematic diagram of the CDK5–FBXO22–PD-L1 pathway. Inhibi-
tion of CDK5 increases the expression of the ubiquitin ligase FBXO22,
which in turn decreases PD-L1 levels by ubiquitination. Degradation of
PD-L1 increases sensitivity to chemotherapy or radiation.
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