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Molecular targeted therapy has revolutionized the landscape of cancer treatment due to
better therapeutic responses and less systemic toxicity. However, therapeutic resistance
is a major challenge in clinical settings that hinders continuous clinical benefits for cancer
patients. In this regard, unraveling the mechanisms of drug resistance may identify new
druggable genetic alterations for molecularly targeted therapies, thus contributing to
improved therapeutic efficacies. The recent rapid development of novel methodologies
including CRISPR-Cas9 screening technology and patient-derived models provides
powerful tools to dissect the underlying mechanisms of resistance to targeted cancer
therapies. In this review, we updated therapeutic targets undergoing preclinical and
clinical evaluation for various cancer types. More importantly, we provided comprehensive
elaboration of high throughput CRISPR-Cas9 screening in deciphering potential
mechanisms of unresponsiveness to molecularly targeted therapies, which will shed
light on the discovery of novel opportunities for designing next-generation anti-
cancer drugs.

Keywords: molecular targeted therapy, drug resistance, CRISPR-Cas9 screening, patient-derived xenograft (PDX),
patient-derived organoid
1 INTRODUCTION

Transformation of normal human cells into malignant states is driven by multistep alterations of
genes. Of these alterations, the majority of them are largely neutral (passenger mutations) in
comparison to a few driver mutations that endow cells with tumorigenic properties which can be
fractionized as six parts: sustaining proliferative signaling, evading growth suppressors, resisting cell
death, inducing angiogenesis, activating invasion and metastasis, enabling replicative immortality
(1, 2). Therefore, these driver genes have become the main candidates for targeted therapies in
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cancer treatments over the past decades. The most dramatic
event in the journey of targeted therapeutics discovery is the
identification of angiogenic targets (3). In 1971, Judah Folkman
for the first time highlighted that angiogenesis was an important
characteristic of solid tumors, which made anti-angiogenesis a
potential therapeutic approach against various cancers (4, 5).
Indeed, the anti-angiogenesis agents including vascular
endothelial growth factor (VEGF) antibodies and receptor
tyrosine kinases (RTK) inhibitors have been approved as first-
line or second-line therapy for various solid cancers (6, 7). Later
on, several types of molecular targeted therapies like apoptosis
inducers and immunotherapies were developed and showed
impressive curative benefits in treating patients with cancer (8,
9). Furthermore, other targeted therapies like HER2 based
chimeric antigen receptor-T (CAR-T) and AMPK inhibitors
are undergoing clinical evaluation for treating various cancers
(10, 11).

However, cancer is a highly heterogenous disease with
morphological diversity, distinct genetic alterations and
microenvironmental discrepancies (12, 13). It would not be
surprising that not all patients show responses to molecular
targeted therapies. What is worse, many responsive patients
become insensitive to the drugs after a certain period of
treatment. Primary resistance or acquired resistance limit
clinical benefits of targeted therapies to a large extent.
Therefore, it is urgent to understand the underlying
mechanism of therapeutic resistance. With the advent of new
technologies such as CRISPR-Cas9 screening, and new
experimental models like patient-derived xenograft (PDX) and
patient-derived organoid (PDO), many advances have been
achieved in decoding the mechanisms of drug resistance and
identifying novel targets to predict or overcome drug resistance.
Thus, this review summarized our recent understandings in
resistance mechanisms, novel exploitable targets, and potential
Frontiers in Oncology | www.frontiersin.org 2
strategies to improve current modalities in molecular targeted
therapies, in hope of shedding lights on future precision
medicine for cancer patients.
2 BRIEF DESCRIPTION OF MOLECULAR
TARGETED THERAPY

Although chemotherapy is the important therapeutic approach
for cancer, its success is highly limited due to lack of selectivity,
leading to insufficient elimination of tumor cells and systemic
toxicity (14). Molecular targeted therapy is therefore gaining
much attraction due to its specificity to cancer cells while sparing
normal cells. In essence, molecular targeted therapies involve in
developing drugs that block hallmarks of cancer (15). Therefore,
identification of molecular targets represents major impetus for
targeted cancer therapy via new technologies and approaches.

3 MAJOR CLASSIFICATIONS OF
MOLECULAR TARGETED THERAPIES

Since Hanahan et al. summarized essential hallmarks of cancer,
including resisting apoptosis, sustaining proliferative signaling,
inducing angiogenesis and evading host immunosurveillance.
These typical properties provide the blueprint for exploring
potential therapeutic targets. Indeed, most of molecularly
targeted drugs were designed to interfere with cellular signaling
pathways that fuel these properties. More importantly, these
therapeutic strategies targeting hallmarks of cancer have been
demonstrated to be effective in clinical settings. Thus, on the
basis of these aggressive features of tumor cells, we summarize
the following major classes of molecular targets for cancer
therapy (Figure 1).
FIGURE 1 | The overview of major types of molecular targeted therapies to inhibit tumour angiogenesis, overgrowth and immune evasion. The potential targets are
indicated in red. VEGF, Vascular endothelial growth factor; EGF, Epidermal growth factor; TRAIL, TNF-related apoptosis-inducing ligand; DRs, Death receptors;
RTKs, Receptor tyrosine kinases; PD-1, Programmed cell death protein 1; PD-L1, Programmed death-ligand 1; CTLA4, Cytotoxic T-Lymphocyte Associated Protein
4; TAAs, Tumor-associated antigens; TSAs, Tumor-specific antigens.
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3.1 Overgrowth Related Molecular Targets
3.1.1 Apoptosis Induction Related Targets
The cancer cell embodies features allowing it to survive beyond
its normal life span via genetic mutations and epigenetics
changes. Among them, aberrancies in programmed cell death
and loss of growth control are critical steps in carcinogenesis.
Although many signaling pathways mediate overgrowth of
tumor cells, induction of cell apoptosis is a most typical way to
inhibit cell overgrowth in molecular targeted cancer therapies
(16). The discovery of the B cell lymphoma 2 (BCL2) gene in
follicular lymphoma ignited interests in targeting this family to
control cancer overgrowth by inducing cell apoptosis (17). Now
the selective BCL2 inhibitors have been tested in clinical trials for
patients with acute myeloid leukemia, non-Hodgkin lymphoma
and multiple myeloma (18–20). In a phase I trial of Venetoclax (a
BCL2 inhibitor), most patients with refractory chronic
lymphocytic leukemia (CLL) had a partial response, while
patients with chromosome 17p deletion achieved a complete
response. Therefore, FDA approved Venetoclax in 2016 for the
treating patients with 17p-deleted CLL that was refractory to at
least one prior therapy (18). Later, Venetoclax was also approved
as a combinatory therapeutic agent for patients with acute
myeloid leukemia (AML) (21). The successful clinical
translation of the first BCL2 inhibitor for treating
haematological malignancies fostered development of other
BCL family inhibitors. Several other BCL family inhibitors like
ABT-737 and ABT-263 were developed to target both BCL2 and
BCL-XL, respectively. Oltersdorf et al. reported that ABT-737
suppressed tumor growth in lymphoma and small-cell lung
carcinoma as a monotherapy (22). Phase I trial further showed
that 34.6% of patients with refractory CLL responded to ABT-
263, and an overall response rate was 70% when it was combined
with Rituximab (A chimeric monoclonal antibody against the
protein CD20) in previously untreated patients (23, 24). In
addition, other inhibitors targeting BCL family are also being
evaluated in preclinical and clinical studies (25–27).

Later on, the second apoptosis pathway is also explored to
design potential targeted therapies. This pathway includes Fas
and the tumor necrosis factor (TNF) family related members like
TNFRs and TNF-related apoptosis-inducing ligand (TRAIL) (28,
29). Tremendous work has focused on targeting TRAIL death
receptors (DRs) through administration of TRAIL or agonist
antibodies to the TRAIL DRs. ONC201, a first-in-class orally
active TRAIL-inducing agent, displays immunostimulatory
effects and triggers tumor cell apoptosis in both preclinical and
clinical studies (30, 31). ABBV-621, another TRAIL agonist, is
being investigated in a combinatory chemotherapy regimen for
patients with colorectal cancer (CRC) or pancreatic cancer.
Additionally, ABBV-621, as a monotherapy or in combination
with Venetoclax, was also tested in patients with AML or diffuse
large B cell lymphoma (DLBCL) (32, 33). Similarly, DR4 and
DR5 agonists showed selectivity towards cancer cells without
damaging to normal tissues in preclinical models (34). The DR5
activating antibody (Lexatumumab) has been investigated as a
single agent or combined with chemotherapy in patients with
osteosarcoma and Hodgkin lymphoma (35, 36). These studies
Frontiers in Oncology | www.frontiersin.org 3
have reinvigorated the interest in TRAIL-based cancer
therapeutic strategies via apoptosis induction.

The success of abovementioned apoptotic related targets in
oncology promotes researchers to explore other pathways
involved in modulating overgrowth of tumor cells. Mitogen-
activated protein kinase (MAPK) signaling pathway functions as
one of most potent oncogenic pathways, in which many proteins
have been recognized as potential targets regulating both
programmed cell death and cell proliferation in tumor cells
[reviewed in (37, 38)]. MAPK pathway is traditionally
classified into mitogen and stress activated MAPKs. Normally,
extracellular signaling-regulated kinase (ERK) works as mitogen
responsive MAPKs while Jun N-terminal kinases (JNK) and p38
functions as stress responsive MAPKs. A wide variety of studies
have shown that the dysfunction of RAS-RAF-MEK-ERK
pathway is a major trigger for the development of cancer types
(39). Not surprisingly, this pathway is one of hottest targets in
cancer therapies. A great breakthrough was the approval of the
B-Raf Serine/Threonine Kinase (BRAF) inhibitor named
Vemurafenib in treating BRAF-mutated melanoma in 2002. In
contrast, different clinical trials showed that BRAF inhibitor is
less efficient in patients with papillary thyroid cancers and CRC
(40, 41). This, at least in part, ascribes to the fact that melanoma
shows high BRAF mutation (50–70% of cases) (42). Several
additional BRAF inhibitors have, or are being, studied in phase
I/II clinical trials (43). MEK inhibitors showed clear therapeutic
responses in different clinical trials and were subsequently
approved by FDA in patients with melanoma (44). Similarly,
ERK1/2 and KRAS inhibitors also promote apoptosis and
suppress proliferation, which are going to the clinical trials (45,
46). Furthermore, RTKs play important roles in initiating
singling of MAPK pathway. It would not be surprising that
RTKs are recognized as ideal candidates for cancer therapies.
Various studies demonstrated that the impressive anti-cancer
effects could be achieved by inhibition of RTKs such as human
epidermal growth factor receptor 2 (HER2), mesenchymal
epithelial transition factor (c-MET), insulin-like growth factor
1 receptor (IGF1R) and many others (47–50). These results were
further confirmed in the various clinical trials (51, 52). Based on
these promising clinical results, FDA approved several RTKs
(HER2 and MET) inhibitors in treating human cancers (53).

PI3K/AKT/mTOR signaling cascade is another important
oncogenic pathway in mediating both programmed cell death
and cell proliferation. Phosphoinositide-3-kinase (PI3K)
comprises various isoforms including PI3Ka, b, d and g.
Although PI3Ka is most frequently dysregulated PI3K in
cancers, other isoforms also contribute to tumorigenesis at
various degrees. Therefore, different isoform-specific inhibitors
have been developed and FDA approved some of them for
molecular targeted cancer therapies. For example, Idelalisib (a
PI3Kd inhibitor) was approved in 2004 for relapsed or refractory
chronic lymphocytic leukemia (CLL) in combination with
rituximab in some patients (54). Similarly, Copanlisib (PI3Ka
and PI3Kd isoforms inhibitor) was approved by FDA in 2017 for
the treatment of adult patients with relapsed follicular lymphoma
who have received at least two prior systemic therapies (54).
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AKT is a major downstream effector in the PI3K signaling
pathway and therefore is considered as an important
therapeutic target. A variety of pre-clinical studies revealed that
the AKT inhibitors like MK-2206 are the potential drugs against
tumors with loss of phosphatase and tensin homolog (PTEN)
function or PIK3CA mutations (55). In the clinic, most of AKT
inhibitors are used as an adjunctive therapeutic agent, as AKT
inhibitors alone displayed a limited clinical effect. Mammalian
target of rapamycin (mTOR) is another important effector in
PI3K pathway and plays critical roles in cancer cell growth (56).
In addition, plenty of preclinical studies support that mTOR is
an important therapeutic target in cancer (57). Indeed, mTOR
inhibitors were approved for the treatment of human cancers
including advanced neuroendocrine tumors and advanced
breast cancer (58). Furthermore, Temsirolimus (a mTOR
inhibitor) was approved for the treatment of advanced stages
of renal cell carcinomas (59). Other mTOR inhibitors are
currently under clinical trials. In conclusion, the oncogenic
pathways including PI3K/Akt/mTOR signaling pathway
represent a class of candidates in targeted cancer therapies
due to their important oncogenic functions in regulating
cell apoptosis.

In addition, several different types of targets have been
identified to mediate apoptotic processes, including Poly
(ADP-ribose) polymerases (PARPs), epigenetic and cellular
stress regulators. PARPs are abundant nuclear protein
activated by DNA breaks capable of synthesizing poly (ADP-
ribose) (PAR) chains that serve as signals for the recruitment of
several DNA repair proteins. When excessive DNA damage
occurs, PARP-1 can regulate apoptosis in cancer cells by
changing the activity and localization of cytoplasmic proteins
like apoptosis-inducing factor (60, 61). Therefore, PARPs have
been considered as potential targets in treating cancer, especially
when cancer cells harbor BRCA1/2 mutations. These BRCA1/2
mutations impair homologous recombination function of cancer
cells, which lead to accumulation of DNA double strand breaks
caused by inhibition of PARPs (62). Indeed, a series of studies
showed that inhibition of PARPs provided a significant
therapeutic benefit in cancer (63–66). These promising results
eventually result in approval of four PARP inhibitors (Olaparib,
Rucaparib, Niraparib and Talazoparib) in treating different types
of cancer in particular with BRCA mutations (67). Recently,
epigenetic approaches have been studied in mediating apoptosis
induction. For example, inhibitors of histone deacetylases
primed rhabdomyosarcoma to Venetoclax-induced apoptosis
by increasing the expression of BCL2L11 (68). In multiple
myeloma cells, histone deacetylases inhibitors also enhanced
the activity of mitogen-activated protein kinase (MEK)
inhibitors and Venetoclax (69, 70), which is being evaluated in
the phase I clinical trials. In addition, there are also ongoing
efforts to increase cellular stress, thus inducing cancer cell
apoptosis. Multiple chaperone proteins like heat-shock family
and endoplasmic reticulum stress members have been studied in
their ability in apoptosis induction. Preclinical studies showed
that the heat shock protein 90 inhibitors induced apoptosis in
cancer cells (69, 71). Altogether, these new identified targets
Frontiers in Oncology | www.frontiersin.org 4
expand repertoire of apoptosis related modulators, providing
better options to cure cancer.

3.1.2 Proliferative Signaling Related Targets
Cell cycle regulatory proteins directly control growth of tumor
cells viaG0/G1, S, G2 andM phases. It is thus reasonable that cell
cycle proteins like cyclin-dependent kinases (CDKs) family could
be potential targets in cancer treatment. Although Pan-CDKs
inhibitors like Flavopiridol and Dinaciclib blocked tumor cell
proliferation in xenograft models of human cancers including
ovarian and pancreatic carcinoma, they showed little clinical
activity (72–78). This led to the development of CDK-selective
compounds including Palbociclib, Ribociclib and Abemaciclib
(79), which have been showed strong antitumor activity in
various malignancies like glioblastoma and CRC (80–82),
leading to their widespread evaluation in more than 30 clinical
trials (83). Of note, 23% of patients with metastatic breast cancer
showed partial responses to Abemaciclib as a monotherapy. Due
to its potent anticancer activity, Abemaciclib was approved for
treating HR and HER2 positive breast cancer by the FDA. Beside
CDKs, inhibitors targeting other cell cycle proteins like
checkpoint kinase 1 (CHK1) and G2 checkpoint kinase
(WEE1) have been developed and assessed in preclinical and
clinical studies (84–87). Similarly, the clinical benefit of WEE1
inhibitors was under clinical evaluation (88, 89). Overall, these
studies suggest that inducing apoptotic process and promoting
mitotic arrest are effective approaches in treating human cancers.

3.2 Angiogenesis Related
Molecular Targets
Angiogenesis is an essential event in metastatic dissemination of
cancer cells. When the transformed progenitor cells grow to a
certain size, tumor cells need sufficient supply of oxygen and
nutrients, initiating angiogenesis to support their malignant
growth (90). Therefore, inhibition of new blood vessel
formation is an ideal approach to treat solid tumors, in
particular their metastases. So far, tremendous attempts have
been undertaken to establish anti-angiogenics as rational
components for improving the unmet clinical challenges in
cancer treatment. One of key findings is the discovery of
VEGF family and its receptors (91). Various studies have led
to identification of several exploitable angiogenesis targets like
VEGFA and VEGFR2. In 2003, the FDA approved Bevacizumab,
a humanized VEGF neutralizing monoclonal antibody, as the
first anti-angiogenic agent for combinatorial treatment of
metastatic CRC and subsequently for treating patients with
non-small-cell lung cancer (NSCLC) (92, 93). Since then,
several VEGF inhibitors blocking the VEGF-VEGFR axis are
being tested in different phases of clinical trials (94).

Besides VEGF family, tumor angiogenesis is also tightly
regulated by numerous endogenous factors like epidermal
growth factor receptor (EGFR) and fibroblast growth factor
(FGF). Activation of the EGF-EGFR signaling pathway
enhances the formation of new blood vessels in tumor tissues.
Blockade of the EGF-EGFR signaling shows promising curative
responses in patients with different cancers (95, 96).
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The combination of Cetuximab (an EGFR inhibitor) with
chemotherapy led to significant improvement in overall
survival in patients with CRC, compared to chemotherapy
alone (97). Consistently, higher progression free survival was
also observed in CRC patients treated with Cetuximab together
with chemotherapy (98). Therefore, Cetuximab was approved to
treat patients with NSCLC and CRC (99).

In addition, tumor angiogenesis is controlled by several other
signaling pathways, which could also be potential targets for anti-
angiogenic therapy. For instance, Maxwell et al. reported that
absence of hypoxia inducible factor-1b (HIF-1b) in tumor cells
gave rise to poorly vascularized tumors with reduced VEGF
expression (100). Consistently, deletion of HIF2 in murine
endothelial cells lowered the sensitivity of tumor cells to
hypoxic stress and led to defective tumor angiogenesis (101).
Thus, beneficial outcome of targeting hypoxia regulatory
pathway has been tested in several clinical trials (102, 103).
Interestingly, axon-guidance molecules like ephrins and their
Eph receptors have also been reported as important roles in
tumor angiogenesis. The ephrin A1 mediates TNF-a-induced
angiogenesis in vivo (104). Interfering with EphA signaling
resulted in impaired tumor angiogenesis (105). In addition,
some other cytokines and growth factors could be potential
targets in antiangiogenic therapy (106, 107). Altogether, tumor
angiogenesis-regulatory signaling pathways represent important
targets in targeted cancer therapies.

3.3 Immunotherapy Targets
3.3.1 Immune Checkpoint Related Molecular Targets
Tissue homeostasis is maintained by host immunosurveillance via
cytotoxic innate and adaptive immune cells, but the transformed
cells usually escape tumoricidal immune clearance via multiple
resistance mechanisms. One of them is that tumor cells mimic
peripheral immune tolerance via immunosuppression network.
Cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell
death 1 (PD-1) are most known negative regulators of T-cell
immune function (108). Inhibition of these targets leads to
increased activity of the immune system. Preclinical studies
showed that blockade of CTLA4 or PD-1 repressed tumor
growth, which provide pioneering evidence for treating cancer
patients with immune checkpoint inhibitors (109, 110). A series of
clinical trials later demonstrated that inhibition of CTLA4 or PD-1
led to desirable responses and improved overall survival in patients
with various cancers includingmelanoma and squamous-cell non-
small-cell lung cancer (111–113). Due to these promising clinical
studies, monoclonal antibodies against CTLA4 or PD-1 were
eventually approved for treating various cancers including
melanoma, lung cancer, kidney cancer and breast cancer (114).
More clinical studies involving CTLA4 or PD-1 blockade are being
evaluated for other types of cancer including mesothelioma,
sarcoma and CRC (115–119). Similar to PD-1, the blockade of
the PD-1 ligand (PD-L1) is also beneficial to enhance host
antitumor immunosurveillance. Indeed, PD-L1 antibodies have
been proven effective in treating multiple human cancers.
Therefore, the humanized PD-L1 monoclonal antibodies
including Atezolizumab, Avelumab and Durvalumab were
Frontiers in Oncology | www.frontiersin.org 5
approved for treatment of human cancers such as urothelial
carcinoma and renal cell carcinoma (120).

The success of CTLA4 and PD-1/PD-L1 blockade in cancer
treatment results in the discovery of novel inhibitory regulators
of T cell activation, including Lymphocyte activation gene 3
(LAG3), T cell immunoglobulin 3 (TIM3), V-domain
immunoglobulin suppressor of T cell activation (VISTA) and
B7-H3 (121). Preclinical studies have reported that inhibition of
these immune checkpoints elicited potent antitumor effects in
different types of cancer. For instance, anti-VISTA antibody
prolonged the survival of tumor-bearing mice by promoting T
cell proliferation and cytokine production (122). Furthermore,
clinical trials are being investigated to evaluate the efficacy of
blocking these inhibitory regulators (123–125).

3.3.2 Tumor Vaccine Related Targets
Unlike preventive vaccines, tumor vaccines are a therapeutic
strategy aimed at eliciting a specific in vivo immune response
against tumor antigens. Therefore, tumor associated antigens
(TAAs) are important for development of tumor vaccines. Many
tumor-associated antigens (TAAs) have been identified, some of
which are shared with normal tissues, whereas others are specific
to tumors. TAAs are derived from the aberrantly overexpressed
self-antigens like cancer–testis antigens and MUC-1 in tumor
cells compared to normal cells (126, 127). The overexpression of
these TAAs is able to induce an antitumor immune response
when expression level of these proteins reaches the threshold for
T cell recognition, thereby breaking immunological tolerance.
Several therapeutic tumor vaccines based on TAAs have been
tested for distinct human cancer in different phases of clinical
trials (128, 129). For example, Stimuvax (BLP25 liposome
vaccine) targeting MUC1 for NSCLC is in the phase III trial.
However, these tumor vaccines show limited efficacy. For
instance, the trial evaluating the efficacy of Nelipepimut-S
antigen in preventing breast cancer recurrence showed that no
significant between-arms differences in disease-free survival
events at the median follow-up (16.8 months) (130). This
could be ascribed to multiple reasons including the low affinity
between these antigens and T cell receptors and the tumor
evasion with loss of tumor antigen expression. In addition,
TAAs are subject to some degree of central tolerance and lack
complete specificity to the tumor, which also limit their clinical
benefit. These limitations obtained with cancer vaccines based on
TAAs urged the development of new strategies, in particular, the
identification of specific antigens. Tumor-specific antigens
(TSAs) are strictly specific to tumors, which often arise from
mutated neoantigens (131, 132). So far, feasibility and
immunogenicity of tumor vaccine based on TSAs were
confirmed in several clinical trials (133). In particular, patients
with melanoma treated with patient-specific mutated
neoantigens responded to vaccination. Vaccinated patients
showed efficiently delayed tumor recurrence with the
expansion of the repertoire of neoantigen-specific T cells (134,
135). These promising results indicate that tumor vaccine based
on personalized neoantigen opens a new approach for cancer
targeted immunotherapy.
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3.3.3 Chimeric Antigen Receptor T-Cell
Related Targets
Chimeric antigen receptor (CAR) T-cell therapy represents
a novel immunotherapy in cancer treatment. In this strategy, a
patient’s own T cells are genetically engineered to express a
synthetic receptor that can specifically interact with the tumor-
associated antigens (TAAs) expressing on tumor cell surface. The
pioneering trails of CAR-T-CD19 therapy in patients with
lymphoma or leukemia, resulting in FDA approval of two
distinct anti-CD19 CAR T cell products for the treatment of
both acute lymphoblastic leukaemia and diffuse large B cell
lymphoma (136–138). Since then, various TAAs could act as
target antigens for CAR-T cells. For example, the type III variant
EGFR (EGFRvIII) was considered as an ideal target for its
aberrant expression on the cell surface of cancer cells (139).
Importantly, the engineered T cells expressing CAR can
specifically recognize EGFRvIII cell lines, whilst no reactivity
to co-cultured normal tissue cells. Currently, CAR-T-EGFRvIII
cells have been tested in patient with glioblastoma (140).
Likewise, the CAR-T- HER2 cells also showed encouraging
results in antitumoral effects in different types of cancer
including osteosarcoma and medulloblastoma (141, 142).
These promising results led to the clinical trial of CAR-T-
HER2 cells in patients with sarcoma (10). Still, CAR-T-TAAs
can be further modified in order to enhance the antitumor
efficacy. For example, Brentjens et al. developed T cells co-
expressing MUC16 (a well-known ovarian tumor antigen)
CAR and IL-12, and IL-12 secreting CAR-T-MUC16 cells
exhibit enhanced antitumor efficacy as determined by
increased survival, prolonged persistence of T cells (143).
Based on this rationale, they initiated a phase I clinical trial in
patients with recurrent ovarian cancer (144). Chen et al. also
reported that dual-targeted CAR-T cells co-expressing glypican-
3 (GPC3) and asialoglycoprotein receptor 1 (ASGR1) exerted
superior anticancer activity and persistence against single-
targeted T cells in two GPC3+ASGR1+ hepatocellular
carcinoma (HCC) xenograft models (145). Interestingly, they
also found that no obvious growth suppression was seen with
single or double antigen-negative HCC xenografts, indicating
that dual-targeted CAR-T cells is a potential way to reduce on-
target, off-tumor toxicity. With the development of next
generation of sequencing, more cancer cell specific TAAs have
been identified, which extensively improve the designation of
tailored CAR-T-TAAs cells for cancer patients.
4 THE MECHANISMS OF RESISTANCE TO
MOLECULAR TARGETED THERAPIES

Clinical application of molecular targeted drugs has led to
significant improvement in the survival and quality of life of
patients. However, drug resistance represents a major obstacle to
limit sustained clinical benefits of these targeted cancer therapies.
Most cancer patients do not respond to molecular targeted drugs
due to primary resistance. Alternatively, some responders
eventually suffer from cancer relapse after a period of response,
Frontiers in Oncology | www.frontiersin.org 6
resulting from acquired resistance. Mutations or low expression
of the targets or inactivation of targets related signaling pathways
are the potential mechanisms of primary resistance (146, 147).
For instance, the de novo MET amplification caused primary
resistance to EGFR inhibitors in EGFR-mutant NSCLC (148). In
contrast, acquired resistance could be ascribed to multiple
reasons including activation of bypass pathways, alterations in
the therapeutic targets themself and adaptive survival
mechanisms (147). For example, in chronic myeloid leukemia
the activation of GCA-TRAF6-ULK1 autophagy regulatory axis
was associated with the acquired resistance to Imatinib (a
tyrosine kinase inhibitor) (149). Therefore, it is still urgent to
explore novel therapeutic opportunities to overcome drug
resistance. In this regard, recent advances in cutting-edge
methodologies including CRISPR-Cas9 screening and patient-
derived models significantly accelerated our research in
exploring the unappreciated mechanisms of resistance to
molecular targeted drugs.

4.1 The Application of CRISPR-Cas9
Screening in Unraveling the Mechanisms
of Resistance to Targeted Therapies
4.1.1 Classification of CRISPR-Cas9 Screening
CRISPR-Cas9 gene editing technology can target components of
the whole genome containing the promoters, enhancers, introns
and inter-genic regions, thus CRISPR-Cas9 technology has
become a powerful tool for completely eradicating the target
gene (150). In addition, accumulating studies now also utilize the
catalytically-dead mutant of Cas9, referred to as dCas9, in which
the nuclease activity of the Cas9 has been lost. dCas9 has been
fused to an array of chromatin modifiers to convert it into a
highly versatile enzyme that can be used to perform activation
(CRISPR-dCas9 activation, CRISPRa) or repression (CRISPR-
dCas9 interference, CRISPRi) screening (151). Therefore,
CRISPR-Cas9 technology can provide the opportunity to study
the mechanism of drug resistance and contribute to
identification of several resistance-related genes by the large-
scale screening (CRISPR-Cas9 screening). The modes of
CRISPR-Cas9 screening can be divided into two forms: 1) loss
of function screen, 2) gain of function screen. The former can be
done by CRISPR-Cas9 knockout and CRISPRi, while the latter is
achieved by CRISPRa. Furthermore, loss of function screen can
be further separated into negative and positive selection screen
on the basis of different purposes (Figure 2). The purpose of a
negative selection screen is to identify perturbations that affect
the survival or proliferation of cells, which cause the perturbed
cells to be depleted during selection. Such screens have been
widely used to identify both essential genes that are required for
cell lines tested and a small set of genetic dependencies of specific
cancer cell lines (152–154). In contrast, a strong selective
pressure is necessary for positive selection screen, so that the
probability of cells being selected without the genetic
perturbation is low. Therefore, positive screen is important for
identifying perturbations that confer resistance to drugs.

Below we will further outline the application of CRISPR-Cas9
screening in exploring the mechanisms of resistance to molecular
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targeted therapies and discovering novel targets in various
tumors, according to the classification of hallmarks of
cancer (Table 1).

4.1.2 The Mechanisms of Resistance to Apoptosis
Inducing Targeted Therapies
Although several drugs have been successful developed in treating
cancer by interfering with MAPK/ERK and PI3K/AKT/mTOR
pathways, drug resistance often occurs and limits their durable
clinical benefit. For instance, EGFR is a key RTK that initiates
MAPK/ERK and PI3K/AKT/mTOR pathways. Even though
EGFR-targeted cancer therapy is initially effective against KRAS-
wild-type cancers, drug resistance is prevalent in patients receiving
several cycles of treatment, highlighting the urgent need to design
novel therapeutic modalities. Based on CRISPR-Cas9 screening,
Liaoet al. reported thatCapicua, a transcriptionrepressor, restricted
the efficacyofEGFR inhibitors throughregulatingEGFRexpression
(155). Thus, Capicua mutations suppressed the effect of EGFR
inhibitor in the EGFR-dependent NSCLC cells. In a genome-scale
CRISPR-Cas9 modifier screening, neurofibromin 1 (NF1) was
identified as an important regulator of the resistance to EGFR
inhibitors in NRAS/KRAS/BRAFV600-wildtype CRC cells (156).
Mechanistically, NF1 deficiency leads to sustained activation of
the MAPK pathway signaling to promote cell proliferation in the
presence of EGFR inhibitors. Therefore, MEK inhibitor and EGFR
inhibitor displays synergistic antitumor activity in these settings
(156). Byapplyingdomain-basedCRISPR-Cas9 screening,Wang et
al. identified that depletion of tankyrase or its associated E3 ligase
enhanced the growth inhibitory activity of EGFR inhibitor in
NSCLC through stabilizing angiomotins to inhibit YAP signaling
(177). Using similar strategy, they further found that knockout of
RIC8 guanine nucleotide exchange factor A, a positive regulator of
Frontiers in Oncology | www.frontiersin.org 7
YAP signaling, sensitizedEGFR-mutantNSCLC toEGFR inhibitor.
In contrast, knockout of ARIH2, a component of the Cullin-5 E3
ubiquitin ligase complex, induced the resistance to EGFR inhibitor.
In keeping with this finding, inhibition of E3 ubiquitin ligase PJA1
increased efficacy of EGFR blockade by stabilizing the downstream
effector Capicua (178, 179). Moreover, a genome-wide loss of
function CRISPR-Cas9 screening in EGFR-mutant lung cancer
cells identified several EGFR-dependent essential genes including
TANK binding kinase 1 and Tribbles pseudokinase 2. Knockout of
these essential genes significantly decreased tumorigenic properties
of EGFR-mutant lung cancer cells (180). These newly identified
resistance regulators via high throughput CRISPR-Cas9 screening
provide not only biomarkers to predict clinical response, but also
potential molecular targets for the combination therapy.

Except for anti-EGFR related resistance, the potential
mechanisms of resistance to other targets in MAPK/ERK and
PI3K/AKT/mTOR pathways have been unraveled. For example,
as a receptor of FGF, main function of FGFR, a member of RTKs
family, is to amplify the FGF signal transduction to RAS-ERK
and PI3K-AKT signal cascade. Through a CRISPR screen
implemented in gastric cancer cell line, ILK, CSK and EGFR
pathways have been identified as critical roles in the resistance to
FGFR inhibitor. ILK and EGFR are both the significantly
depeleted genes in this screen, which means the combinational
inhibition of them and FGFR can ideally boost the efficacy of the
treatment to gastric cancer (157). Meanwhile, ERN1-JNK-JUN
pathway was identified as a bypass cell signaling that mediates
resistance to MEK inhibitor in KRAS mutant CRC cells through
a synthetic lethal CRISPR-Cas9 screening. Consistently,
compounds targeting JNK/MAPK8 or TAK1/MAP3K7, which
relay signals from ERN1 to JUN, displayed synergy with MEK
inhibition (189). Moreover, loss of both Capicua and FBXO42
FIGURE 2 | A schematic diagram illustrates the workflow of high-throughput CRISPR-Cas9 screening for novel regulators of drug sensitivity. CRISPR-Cas9 sgRNA
libraries are packed into lentiviral vectors and transfected into Cas9- or dCas9-expressing cancer cells. In the case of loss-of-function screening, CRISPR-Cas9-mediated
genome editing leads to gene knockout (or transcriptional inhibition) in individual cells, which are subsequently selection by various drugs. The residual drug-resistant cells
are collected. The abundance of cells with different sgRNAs is determined in the drug-treated and control pool. Cells with sgRNAs targeting genes that cause drug
resistance upon knockout (or transcriptional inhibition) will be enriched while those resulting in enhanced sensitivity to the drug will be depleted in the final pool. For gain-
of-function screening, activation of gene expression by dCas9-mediated recruitment of transcriptional activation domains to transcriptional start site. Other procedures are
similar to loss-of-function screening. The unique sgRNA sequence in the genome serves as a genetic barcode for high-throughput phenotyping by next-generation
sequencing. Essential genes for drug sensitivity are identified for further validation. dCas9, nuclease-dead Cas9. sgRNA, single guide RNA.
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reduced sensitivity to MEK inhibition in RAS-mutant cancers via
different mechanisms (159, 160). In another study of CRISPR-
Cas9 screening, suppression of SHOC, a positive regulator of
MAPK signaling, sensitized KRAS-mutant pancreatic and lung
cancer cells to MEK inhibitors (190). Yau et al. performed the
CRISPR-Cas9 screening in human KRASmutant CRC cells, and
found that genetic or pharmacologic disruption of the metabolic
enzymes nicotinamide adenine dinucleotide kinase (NADK) or
ketohexokinase inhibited tumor growth in vivo, indicating that
NADK inhibitors can be promising candidates for
combinational therapy (161). By using the similar approach,
inhibition of MAPK7, an essential MEK gene, attenuated the re-
activation of MAPK signaling following long-term MEK
inhibition in KRAS mutant cancer cells, suggesting that
targeting MAPK7 may attenuate acquired resistance to MEK
inhibition (158). Combinational therapy using MAPK7
inhibitors and MEK inhibitors may improve therapeutic
efficiency especially for lung cancer patients. Based on
CRISPR-Cas9 screening, ERBB and mTOR signaling network
Frontiers in Oncology | www.frontiersin.org 8
were found to be key determinants of response to PI3K
inhibition. Knockout of unexplored genes like MEMO1 and
YPEL5 in these signaling networks sensitized cancer cells to
PI3K inhibitors (191). These studies reveal that combinatory
targeting of these drivers may overcome drug resistance in
clinical settings.

In addition, mitochondria-associated genes were identified to
be essential for survival of KRAS-mutant cancer cells. It would
not be surprising that mitochondrial inhibitors reduced the
growth of KRAS mutant cancers (164). Chen et al. identified
that CLPB, an ATPase regulator, was increased upon acquisition
of Venetoclax (a BCL2 inhibitor) resistance in human AML by
applying CRISPR-Cas9 screen (165). Mechanistically, CLPB
maintained the mitochondrial cristae structure via its
interaction with the cristae-shaping protein OPA1, whereas its
loss promoted apoptosis by inducing cristae remodeling and
mitochondrial stress responses. Consistently, high expression of
the mitochondrial translation machinery genes like RBFA
contributed to resistance to Venetoclax in AML, indicating
TABLE 1 | Major types of molecular targeted therapies in which CRISPR-Cas9 screening was applied to explore the mechanisms of drug resistance and novel
therapeutic targets.

Major types of molecular
targets

Molecularly targeted
drugs

The cancer types Newly identified
oncogenic Targets

Newly identified Tumor
suppressive Targets

Anti-overgrowth related
molecular targets

EGFR inhibitor EGFR-dependent non-small cell lung
cancer

Capicua (155)

NRAS/KRAS/BRAFV600-wild type
colorectal cancer

NF1 (191)

FGFR inhibitor Gastric cancer ILK (157) CSK (157)
PI3K inhibitor Pancreatic cancer MEMO1, YPEL5 (191) NF1 (158)
MEK inhibitor RAS-mutant melanoma FBXO42 (160)

KRAS-mutant Pancreatic and lung cancers SHOC (190)
Lung cancer MAPK7 (158)

MAPK inhibtor BRAFV600-mutant melanoma SIRT6 (173)
CDK4/6 inhibitor Bladder cancer KDR, FGFR3, AKT3, JAK2,

STAT3 (196)
BCL2 inhibitor Acute myeloid leukemia CLPB (165), RBFA (162)
PARP inhibitor Breast cancer RNASEH2B (168) C20orf196, FAM35A, PARP1

(166)
PARP inhibitor Ovarian cancer C12orf5 (193)
HDAC inhibitor Multiple myeloma ABCB1 (169)
MEK inhibitor and CDK4/6
inhibitors

NRAS-mutant melanoma KRAS (171)

MEK inhibitor and CDK7/12
inhibitor

EGFR-dependent lung cancer EP300, CREBBP, MED1
(197)

HER2 inhibitor Breast cancer TALDO1 (172)
Multiple inhibition of EGFR,
ALK, BRAF, MEK

Lung cancer cell with EGFR, ALK, BRAF,
KRAS, or NRAS mutations

KEAP1 (192)

Anti-angiogenesis related
molecular targets

VEGFR/PDGF inhibitor Hepatocellular carcinoma PHGDH (201), CDK12 (182) SGOL1 (181), KEAP1 (183),
LATS2 (202)

EGFR inhibitor Non-small cell lung cancer Tankyrase (177), RIC8A (178) ARIH2 (178)
Glioblastoma PJA1 (179)
EGFR-mutant lung cancer TBK1, TRIB2 (180)

Immune checkpoint related
molecular targets

Anti-PD1/PD-L1/
CTLA4 antibodies

Melanoma Ptpn2, H2-T23 (184), ADAR1
(185), JAK1 (186),

APLNR (186)

Pancreatic cancer CMTM6 (205)
ALK+ anaplastic large-cell cancer GRB2/SOS1, IRF4, BATF

(185)
Ovarian cancer EGFR (186)
Lung cancer ASF1A (188)

CAR-T-cell related targets CAR-BCMA-T cells Multiple myeloma HDAC7 and
Sec61 (213)
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that targeting mitochondrial translation machinery may be a
promising approach to circumvent Venetoclax resistance (162).

In BRAFV600 mutant cancer cells, the haploinsufficiency of
histone deacetylase Sirtuinb 6 (SIRT6) allowed BRAFV600-
mutant melanoma cell persistence in the presence of MAPK
inhibitors due to upregulating insulin like growth factor binding
protein 2 (IGFBP2) expression via increasing chromatin
accessibility at the IGFBP2 locus (173). Therefore, resistance to
BRAF inhibitors in SIRT6-haploinsufficient melanoma cells can
be relieved by combinatory application of a clinically available
IGF-1R inhibitor. These results suggest that combinatory
targeting these newly identified drivers may overcome drug
resistance in cancer cells bearing KRAS and BRAF mutations.
Similarly, in lung cancer cells with mutant EGFR and BRAF,
Krall et al. also reported that loss of KEAP1 (Kelch-like ECH
associated protein 1) diminished the therapeutic effects of EGFR,
BRAF and MEK inhibitors, indicating that KEAP1 is a biomarker
to predict the responses of these inhibitors (192).

PARP inhibitors also induce apoptosis processes and are
standard molecular therapeutic drugs for BRCA1/2-defecient
cancers (167). However, drug resistance is observed in subset
of patients upon widespread clinical applications. To dissect
potential underlying mechanisms, Dev et al. performed whole-
genome CRISPR-Cas9 synthetic-viability/resistance screening in
BRCA1-deficient breast cancer cells treated with PARP
inhibitors and identified that the resistance of breast cancer
cells to PARP inhibitor was, at least in part, due to loss of
C20orf196 and FAM35A (166). This finding can aid patient
stratification and yield new treatment opportunities. In
contrast, mutation of RNASEH2B which encodes ribonuclease
H2, sensitize tumor cells to PARP inhibition (168). CRISPR-
Cas9 screening also identified glycolysis and apoptosis regulator
(TIGAR), also known as C12orf5, as a regulator of PARP
inhibitors responsiveness in ovarian cancer cells. Indeed,
knockdown of TIGAR promoted the sensitivity to the Olaparib
(a PARP inhibitor) (193). All in all, CRISPR-Cas9 screening has
provided a powerful tool to elucidate mechanisms of drug
resistance to inducing apoptosis, which not only contribute to
discovering new targets but also aid the identification of novel
biomarkers of therapeutic sensitivity.

4.1.3 The Mechanisms of Resistance to Proliferative
Signaling Targeted Therapies
Cell cycle progression related genes like CDKs have been
considered as therapeutic targets by regulating proliferative
signaling in various cancers, however, various clinical trials
reported that monotherapy with CDK4/6 inhibitors has failed
to provide long-term therapeutic effects in several tumor entities
examined, largely due to primary and acquired resistance
mechanisms (163, 194, 195). Using CRISPR-Cas9 gain of
function screening, KDR, FGFR3, AKT3, JAK2 and STAT3
have been identified as key players mediating resistance to
CDK4/6 inhibitors in bladder cancer cells (196). These results
underscored the importance of combination therapy when using
CDK4/6 inhibitors in clinical settings. Indeed, several
combinatory therapeutic modalities have been postulated,
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including CDK4/6 inhibitors plus MK-2206 (a AKT3
inhibitor), and CDK4/6 inhibitors plus Erdafitinib (a FGFR
inhibitor) (170). Although combinatorial therapies can
overcome the monotherapy resistance to some extent,
emerging evidence shows that double targets-based
combinatorial strategies also lead to resistance. For instance, in
the case of NRAS mutant melanoma, Hayes et al. revealed that
the resistance to combined therapy of MEK1/2 and CDK4/6
inhibitors was partial attributed to the activation of RTK-PI3K-
AKT and RTK-RAS-RAF signaling pathways. In particular,
activated KRAS was sufficient to confer resistance to combined
MEK1/CDK inhibition (171). Another CRISPR-Cas9 screening
study identified that expression of certain transcriptional
regulators like EP300 and MED1 negatively correlated with
inhibitory effect of Erlotinib/THZ1 (a CDK7 inhibitor) synergy
in lung cancer cells (197). Therefore, the addition of EP300
inhibitors to Erlotinib/THZ1 combinatorial therapy enhanced
the synergistic effect of Erlotinib/THZ1 (198). Histone
deacetylases (HDACs), a formation of post-translational
modification, play a crucial role in biological functions, such as
regulation of gene expression, chromatin dynamics, cell cycle
progression, cytoskeletal dynamics, development events and
autophagic processes. The mutation of gene encoded HDACs
can induce the tumorigenesis. HDACs inhibitors (HDACi) have
been approved for treating cancers, but resistance to HDACs
inhibitors still exists (199, 200). Through CRISPR screen
implementing in the multiple myeloma cells treated with
panobinostat, an oral broad-spectrum HDACi, genes encoding
for the cell surface ABC transporters ABCB1 (MDR1/p-
glycoprotein) have been identified as the most prominently
reason for resistance to HDACi. With the combination of
HDACi, Elacridar, a third-generation inhibitor of ABCB1, is a
promising candidate to promote the efficacy of HDACi (169).
Majority of targeted therapy in breast cancer and ovarian cancer
focus on HER-2, through CRISPR/Cas9 loss of function screen,
Xiao-Fan Wan manifests that TALDO1 is critical for the survival
of breast cancer cell line with the treatment of HER2 inhibitor
(172). These key regulators identified by CRISPR-Cas9 screening
might provide potential target to design triple combinatory
strategies to circumvent drug resistance to proliferative
signaling targeted therapies.

4.1.4 The Mechanisms of Resistance to Anti-
Angiogenesis Therapies
VEGF is a potent growth factor that promotes the blood vessel
formation in tumor tissues, so most anti-angiogenesis therapies
are designed to block the VEGF-VEGFR signaling axis. However,
various studies showed that inhibition of VEGF signaling
upregulated components of the bypass pathways such as
fibroblast growth factors 2 (FGF2), angiopoietin (2ANGPT2)
and HIF family members, which resulted in anti-angiogenesis
resistance in tumor cells (174). For instance, Sorafenib (a
multiple-kinase anti-angiogenesis inhibitor) treatment
restrained tumor growth partly through suppression of tumor
angiogenesis. However, tumor hypoxia associated with the
Sorafenib treatment can induce the expression of VEGF and
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other proangiogenic factors that confer HCC resistance to
Sorafenib treatment (175, 176). Wei et al. identified
phosphoglycerate dehydrogenase (PHGDH) as a critical driver
for Sorafenib resistance. Therefore, treatment of NCT-503 (a
PHGDH inhibitor) acted synergistically with Sorafenib to
suppress HCC growth in vivo (201). In another study,
Shugoshin 1 (SGOL1) was identified as a prognostic indicator
in patients treated with Sorafenib. Therefore, loss of SGOL1
reduced apoptosis upon Sorafenib treatment (181). Moreover,
CRISPR-Cas9 screening also identified that inhibition of CDK12
was synergic with Sorafenib for HCC treatment (182). Using a
similar CRISPR-Cas9 screening method, KEAP1 was identified
as a regulator of resistance to Regorafenib (a VEGFR2 inhibitor)
(183). Depletion of KEAP1 also restored cell viability and
lowered reactive oxygen species levels in cells incubated with
Lenvatinib (a VEGFR2 inhibitor) (183). In addition, large tumor
suppressor kinase 2 (LATS2) was found to regulate Regorafenib
sensitivity in HCC cells, as LATS2 deletion stabilized the Yes-
associated protein (YAP) to upregulate antiapoptotic protein
Bcl-xL and the multidrug resistance transporter ATP binding
cassette subfamily B member 1. Consistently, knockdown of
LATS2 significantly mitigated the cytotoxic and proapoptotic
effects of Regorafenib on HCC cells (202). Furthermore, YAP
activation might confer Regorafenib resistance in HCC cells
through affecting tumor vasculature (202).

4.1.5 The Mechanisms of Resistance to Immune
Checkpoint Blockade
Although immune checkpoint blockade (ICB) including anti-PD-
1/PD-L1 and anti-CTLA4 strategies induces long-lasting
responses in cancer patients, the primary and acquired
resistance largely limits its clinical application. Preliminary
studies have found that activation of cell signaling pathways
such as the interferon-gamma (IFNg) pathway confers resistance
to ICB, however the underlying mechanisms of unresponsiveness
to ICB in various types of cancers are still poorly understood (203).

To approach this issue, Manguso et al. developed in vivo
CRISPR-Cas9 screening to identify specific genes regulating the
sensitivity to the immune checkpoint inhibitors (184). Mice were
injected with B16 melanoma cells engineered with the Cas9 gene
and an sgRNA library, and then treated by PD-1 antibodies.
High throughput sequencing uncovered that protein tyrosine
phosphatase non-receptor type 2 (PTPN2) and H2-T23 were
novel immune-suppressing molecules dictating the efficacies of
ICB. They also demonstrated that the efficacy of immunotherapy
was related to IFNg sensing by tumor cells and loss of PTPN2 can
increase efficacy of immunotherapy by elevating the activity of
IFNg signaling (184). Furthermore, this group found that
antagonist adenosine deaminase acting on RNA 1 (ADAR1)
limited the sensing of endogenous double-stranded RNA
(dsRNA), as an immune-suppressing molecule in the immune
therapy of melanoma. Thus, loss of ADAR1 increased the
sensing of IFN-inducible dsRNA, which enhanced tumor
inflammation and strengthened the IFN sensitivity through
MDA5 and PKR. Not surprisingly, disruption of ADAR1
overcomes resistance to PD-1 blockade caused by inactivation
of antigen presentation by tumor cells (185). These studies
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demonstrate that IFNg signaling plays important roles in
resistance to ICB and targeting IFNg signaling may improve
clinical efficacies of immune checkpoint inhibitors.

This notion was further supported by the findings that loss of
Janus kinase 1 (JAK1), a protein tyrosine kinase in the IFNg
pathway, induced resistance to T cell immune response elicited
by blocking the PD-1 receptor (186). Patel et al. also identified
another important regulator of resistance to checkpoint
blockade, i.e. apelin receptor (APLNR), which interacts with
JAK1 to modulate IFNg responses in tumor cells (186). Its
functional loss reduces the efficacy of ICB immunotherapies in
mouse models. They also found multiple loss-of-function
mutations in APLNR gene in patient tumor samples that might
endow refractoriness to immunotherapy (204). In conclusion,
the IFNg signaling is emerging as a key player in resistance to
checkpoint blockade therapy.

Besides, the core fucosylation pathway has been identified as
positive regulator of cell-surface PD-1 expression through
CRISPR-Cas9 screening (187). Similarly, CKLF like MARVEL
transmembrane domain containing 6 (CMTM6) was identified
as a regulator of cell surface PD-L1 expression by preventing its
lysosomal degradation (186, 205). CMTM6 depletion
significantly reactivated tumor-specific T cells via reducing
PD-L1, indicating that CMTM6 could be a new drug target to
enhance efficacy of checkpoint blockade (186, 205). In ALK
positive anaplastic large-cell lymphoma, Zhang et al. found that
interferon regulatory factor 4 (IRF4) and basic leucine zipper
ATF-like transcription factor (BATF) increased PD-L1
expression by binding to the enhancer region of PD-L1 gene.
In contrast, growth factor receptor bound protein 2 (GRB2) and
SOS Ras/Rac guanine nucleotide exchange factor 1 (SOS1)
signalosome contribute to PD-L1 expression by activating the
RAS-ERK and AKT pathways (206). Other study also found by
CRISPR-Cas9 screening that targeting EGFR sensitized cancer
cells to T-cell cytotoxicity. Thus, combination of PD-1 blockage
with EGFR inhibition showed significant synergistic efficacy in a
syngeneic model, further validating EGFR inhibitors as
immunomodulatory agents for checkpoint blockade (207).
Consistent with this notion, anti-angiogenesis therapy has been
shown to enhance clinical efficacies of immune checkpoint
blockade, which represent a combinatory therapeutic strategy
to expand the landscape of cancer immunotherapy (208). In
addition, Li et al. identified in an epigenetics-focused CRISPR-
Cas9 screening that histone chaperone anti-silencing function
1A histone chaperone (ASF1A) was an important regulator of
tumor immunity. Loss of ASF1A sensitized tumor cells to anti-
PD-1 treatment by promoting M1-like macrophage polarization
and T-cell activation (188). In conclusion, these previously
unrecognized regulators not only accelerate our understanding
of the molecular circuitry that drives tumor immune escape but
also provide novel opportunities to improve immune checkpoint
blockade strategies.

4.1.6 The Mechanisms of Resistance to Tumor
Vaccine and CAR-T Cell Therapies
Like other cancer treatments, cancer cells commonly develop
resistance to tumor vaccine via different mechanisms.
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For instance, the increased number of regulatory T cells in cancer
patients may constitute a resistance mechanism to the efficacy of
cancer vaccine (209). Furthermore, Kimura et al. reported that
high levels of myeloid-derived suppressive cells in patients
correlated with resistance to immune response induced by
cancer vaccine (210). These studies indicate that the induction
of immunosuppressive environment in patients might cause
resistance to cancer vaccine. Although there is no doubt that
CRISPR-Cas9 screening provides a powerful tool to elucidate the
mechanism of resistance to cancer therapies, more work is still
needed to uncover its potential in unraveling the potential
mechanism of resistance to tumor vaccine.

Cancer cells also develop resistance to CAR-T cell therapy in the
clinic via the downregulation or loss of the targeted antigen (211,
212). Themechanisms to increase levels of the target antigen on the
surfaceof cancer cells have thepotential to restore efficacy toCAR-T
cell therapy. For example, B-cell maturation antigen (BCMA)
targeted CAR-T have shown improved responses in patients with
relapsed and refractory multiple myeloma (MM). However,
resistance and relapse to BCMA-targeted therapies have emerged
as significant challenges and present an unmet need. To unravel the
underlying resistance mechanisms, Ramkumar et al. performed
CRISPR-Cas9 screening in a MM cell line, and identified several
novel mechanisms regulate cell surface expression of the BCMA
(213). Knockdown of genes in the sialic acid biosynthesis pathway
sensitizedMMcells to CAR-T-BCMA cells. Similarly, inhibition of
HDAC7 and the Sec61 complex upregulates BCMA expression
(213). Loss offunctionCRSIPR screening also showed that ICAM-1
expression is important for BCMA CAR T-cell–mediated tumor
cell lysis, whereas knockdown of genes belonging to the family of
diacylglycerol kinases increased sensitivity to BCMA CAR T cells
(213). Interestingly, several studies showed that CRISPR/Cas9-
mediated genome editing could augment the efficacy of CAR-T
cell therapy by regulating the genes involved in the resistance to
CAR-T cell therapy (214–216). Therefore, the CRISPR-Cas9
technology not only contributes to identifying novel targets for
overcoming resistance to CAR T cell therapy, but also tackles
resistance by editing these resistance related targets.
5 THE COMBINED APPLICATION OF THE
CRISPR-CAS9 SCREENING AND
PATIENT-DERIVED XENOGRAFT OR
ORGANOID MODEL TO DECIPHER
RESISTANCE MECHANISMS

The traditional tumor cell line model lacks heterogeneity and the
tumor microenvironment, which does not accurately reflect the
biological characteristics of the original tumor. Patient-derived
xenograft (PDX) model is constructed by transplanting tumor
tissue from patient to immunocompromised mice, which
circumvent the aforementioned shortcomings by maintaining
genetic and cellular heterogeneity of tumor tissues. Similarly,
patient-derived organoid (PDO) model could also faithfully
recapitulate the molecular and phenotypic characteristics of
human cancers. PDO is a microscopic self-organizing,
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three-dimensional organ-like structure generated from patient-
derived stem cells in vitro. Basically, PDX and PDO have the
following advantages over traditional cell line models: 1) High
fidelity in maintaining the patient-specific genetic and cellular
characteristics, 2) Efficient collection from patient and the ability
of xenotransplantation, 3) Reliable drug sensitivity test results of
the corresponding patient (217). These newmodels together with
CRISPR-Cas9 screening significantly improve elucidation of
resistance to existed therapies.

Using a PDX model, Grunblatt et al. identified the
deubiquitinase USP7 as a MYCN-associated synthetic
vulnerability in small cell lung cancer (SCLC) by a genome-scale
CRISPR-Cas9 screening. Pharmacological inhibition of USP7 re-
sensitized chemo-resistant MYCN-overexpressing PDX models to
chemotherapy in vivo (218). Similarly, dihydroorotate
dehydrogenase was also identified as a therapeutic target in
SCLC cells (219). In another study, decapping enzyme scavenger
(DCPS) was found to be an essential gene for the AML cells, while
DCPS inhibitor (RG3039) suppressed the growth of AML in PDX
model (220). Furthermore, using PDX models, the PRC2-NSD2/
3-mediated MYC regulatory pathway has been identified as a
drug-induced antagonistic pleiotropy pathway that confers
resistance to bromodomain and BCL-2 inhibitors in AML (221).
In searching for new therapeutic strategies against
rhabdomyosarcoma (RMS), Bharathy et al. revealed that
combination of Entinostat, a potent and selective inhibitor of
class I and IV histone deacetylase (HDAC), with Vincristine
exhibited enhanced antitumor activity in PDX models.
Mechanistically, CRISPR-Cas9 screening revealed that HDAC3
was the major HDAC mediating therapeutic effects of Entinostat,
leading to cell-autonomous cytoreduction of embryonal RMS
(222). In a PDX model of pancreatic ductal adenocarcinoma,
Szlachta et al. identified that several essential genes like CENPE
and NUF2 cause the resistance to MEK inhibition via large-scale
CRISPR-Cas9 screening (223). The inhibition of these genes
synergistically increases cellular sensitivity to MEK inhibition by
regulating mitotic cell cycle and kinetochore function (223).

In CRC, the combination of CRISPR-Cas9 screening with PDO
modelhas becomeanefficacious approach to identify key regulators
in tumorigenesis.Michels et al. unraveled that transforming growth
factor-beta receptor type 2was themost commontumor suppressor
in CRC cells (224). On the basis of CRISPR-Cas9 screening,
importin-11 (IPO11) was found to be crucial for transcriptional
activity of b-catenin in APC mutant CRC cells. Consistently,
inhibition of IPO11 efficiently suppressed proliferation of CRC
PDOs (225). Altogether, combination of patient-derived models
and CRISPR-Cas9 screening provide more effective approaches to
decipher the mechanisms of resistance to targeted cancer therapy
and identify novel targets for cancer therapy.
6 DISCUSSIONS AND FUTURE
PERSPECTIVES

Molecular targeted therapies are widely applied in clinical setting,
but drug resistance largely limits their clinical benefits. Therefore,
understanding of underlying resistance mechanisms of these
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targeted therapies is utter important. Recent advances in gene
editing technologies and research tools provide deeper insights
into the resistance mechanism. For instance, CRISPR-Cas9
screening shows that deletion of genes like KEAP1 and ARIH2
confer resistance to anti-EGFR therapy, indicating that inhibition
of KEAP1 and ARIH2 will enhance the efficacy of anti-EGFR
targeted therapy (178, 192). Furthermore, the establishment of
database of Cancer Dependency Map (DepMap) database has
provide ample resource about potential dependency genes in
different human cancer cell lines (154). Thus, restoration of
these genes may specifically re-sensitize tumor cells to the
treatment. In addition, loss of function mutations of these genes
in tumor cells could also as potential biomarkers in predicting
their therapeutic efficacies. On the other hand, ablation of
oncogenes such as RNF146 and CLPB in cancer cells could
suppress tumor cell growth, thus sensitizing the cells to
molecular targeted therapies (165, 177). Thus, targeting these
oncogenic regulators may inhibit tumor growth and have a
synergistic effect with molecular targeted drugs.

More recently, the emergence of patients-derived models
including PDX and PDO makes it possible to perform
functional CRISPR-Cas9 screening in the heterogeneous tumor
mass. Thus, the combination of CRISPR-Cas9 screening with
PDX/PDO model has emerged as a prevalent study mode. These
efforts have led to novel findings of the mechanisms
underpinning resistance of individual patients, which will
undoubtedly pave the way for developing patient-specific
precision medicine to combat various types of cancers. With
the development of next generation PDX and PDO models that
could fully recapitulate cancer immune environment, it is
foreseeable that the combination of CRISPR-Cas9 screening
and PDX/PDO models will further foster our understanding
on the nature of tumor immunoevasion. In addition, zebrafish
and fruit flies in vivo research systems have been utilized as novel
models in cancer research, as they possess unique advantages like
low-cost, easy husbandry and short life cycle (226–228). Recent
Frontiers in Oncology | www.frontiersin.org 12
studies have utilized in vivo CRISPR-Cas9 screening to identify
key regulatory genes of development and tissue growth in
zebrafish and drosophila (229, 230), indicating that similar
approaches may be applicable to identify novel anti-cancer
drug targets using these models, although experimental
evidence is still lacking in this field. On the other hand, these
models also have some limitations including body temperature
and immunological systems differences with human, which need
to be solved in the future in order to better understand the nature
of human cancer. Nevertheless, these novel research models in
combination with CRISPR-Cas9 screening will accelerate our
understanding of drug resistance and identification of novel
targets to improve cancer treatment.
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