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ABSTRACT

Lung cancer is the leading cause of death among all types of cancers in the U.S. and worldwide. Although more
treatments have continuously been made over the past 30 years, the prognosis remains the same. This is mainly
due to the late stage of the cancer at diagnosis and the eventual development of resistance seen in many types
of cancer. The introduction of targeted therapies represents a major advancement in the treatment of tumor
progression and an avenue to target its mechanisms of resistance. These agents are a novel therapeutic approach
targeting specific molecules aberrantly expressed in these cells and through these mechanisms, alter the internal
environment of the tumor cells. In this article, we present a critical discussion of the current clinical standards
of treating non-small cell lung cancer (NSCLC), signal pathways of how these tumors acquire resistance,
potential drug targets for these pathways, and the role heat shock proteins (HSP) play in NSCLC. Targeting HSP,
phosphatidylinositol-3-kinase pathway anomalies, multidrug resistance protein 1 overexpression, and using these
therapies to examine possible cooperative properties to resensitize tumor cells to chemotherapy or apoptosis are
a worthwhile therapeutic direction. This is because some therapies may play a role as an adjuvant, while others
may have a direct role in inducing the apoptotic effects. Therefore, combination therapeutics are an ideal direction
to take in drug discovery. Comprehensive knowledge on current clinical standards of treating NSCLC, treatment
resistance, novel drug targets, and the role HSP will allow for repurposing of current drugs on the market or
develop completely new gene targets and therapies with more efficacy or a larger therapeutic index.

Keywords: 5-Aza-CdR, Aminoxyrone, Copanlisib, Heat shock proteins, Lung cancer, KRAS, Molecular targets,
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INTRODUCTION

While there have been significant research and advancements in the treatment of lung cancer, it
remains the highest mortality of any cancer in both men and women. As the third most common,
behind breast, and prostate cancer, it is estimated that there will be 228,150 new cases in 2019.
With an estimated 142,670 deaths in 2019, lung cancer’s death rates exceed that of all three of
the other most common cancers combined, colon, breast, and prostate.!'! Overall, there are two
main types of lung cancer, small cell lung carcinoma (SCLC), and non-small cell lung carcinoma
(NSCLC). They account for 15% and 85% of all lung cancers, respectively. NSCLC is then
further classified into three categories: Squamous cell carcinoma, adenocarcinoma, and large-
cell carcinoma. Of NSCLCs, adenocarcinoma is the most common as it comprises about 40%.
The next most common is squamous cell carcinoma at 30%, followed by large cell carcinoma
at 15%." The remaining percentage consists of many subtypes such as pleomorphic, carcinoid
tumor, salivary gland carcinoma, and unclassified carcinoma, but they are all much less common.
SCLC and NSCLC are very different diseases due to the fact they have different cell origins.
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NSCLC cells originate from the typical lung parenchymal
while SCLC is neuroendocrine cells with potential diverse
functions. This cancer does not just have a large impact in the
United States; it also shows similar statistics across the world.

Started by the International Agency for Research on Cancer
in 2012, the GLOBOCAN project data revealed that there
were approximately 1.8 million new lung cancer diagnoses
worldwide. This accounted for nearly 13% of the global
cancer burden. In this study, lung cancer remained the
most common cancer diagnosis in men, with approximately
1.2 million cases in 2012. While the incidences of lung
cancer vary, the highest incidence rates occur in Central and
Eastern Europe and Eastern Asia with about 50/100,000,
and the lowest rates in Central and Western Africa with
about 2.0/100,000. The highest incidence rates in women
were observed in North America with about 34/100,000 and
Northern Europe with about 24/100,000, while the lowest
rates are found in Western and Central Africa with about
1/100,000.5 In the U.S., the chances that a man will develop
lung cancer in his lifetime are about one in 15, and for a
woman, it is about one in 17. In addition, black men are about
20% more likely to develop lung cancer than white men, but
the rate is about 10% lower in black women than in white
women." This large variability between regions is predicted
to be from the different risk factors; the people of that area
are exposed to. In more developed societies, it is also much
more common for people to have access to the most notable
carcinogens that lead to the development of lung cancer.

With the high rate of incidence, it is a priority to find all the
risk factors for lung cancer and limit exposure to them. While
much research has gone in to confirm the most common
causes including age, smoking tobacco, secondhand smoke,
and history of chronic obstructive pulmonary disease,
there are also many other causes that go largely overlooked.
These other causes consist of radon exposure, occupational
exposure to asbestos, arsenic, diesel exhaust, air pollution,
and chromium.”’ There is also conflicting evidence about
exogenous hormones among women, diet, and body
mass index that may play a role in the development and
progression of some types of lung cancer.!?’ More research
needs to be done to elucidate the mechanisms about how
these factors play a role in oncogenic progression. This may
help prevent the development of the disease or allow us to
screen patients who are most at risk for early diagnosis.

Early-stage lung cancer does not typically present with
symptoms that would prompt a doctor’s visit, which is why
many times when a patient is diagnosed with lung cancer,
it is in Stage III or IV and has metastasized to cause more
systemic issues. However, the most common symptom
includes a cough that does not go away and shortness of
breath. In addition, some patients may experience chest
pain, blood in sputum, weight loss, and more. Other times,

there are no symptoms at all.!® In late-stage patients,
fewer than 10% of those diagnosed survive for more than
5 years. This may partly be due to longer time between the
onset of symptoms and the patient coming to the hospital
for diagnosis. This leads to more late-stage diagnoses and
therefore less eligibility for potentially curative treatments
dues to resistance.™ With the current treatments for
lung cancer, many types of pathways are implicated in
the resistance mechanisms. These specific genes/proteins
include aberrant heat shock proteins (HSP) expression and
Multidrug resistance protein 1 (MRP1), Metallothionein
1G (MT1G),RAS association domain family protein la
(RASSF1a),Kirsten rat sarcoma virus (KRAS), or G protein-
coupled receptor 56 (GPR56) mutations. In this article, we
discuss the current standards in the diagnosis and treatment
of lung cancer as well as potential targeted therapies in these
chemotherapy resistance pathways.

DIAGNOSIS

For both types of lung cancer, SCLC and NSCLC, the
international staging system is used. The stages range from
occult or hidden stage to Stage IV, and each increasing stage
means an increase in cancer size, the number and location of
metastases, and a correlated worse prognosis. The diagnostic
workup for lung cancer must include confirmation of the
diagnosis on examination of histology, evaluation the
stage or how far the cancer has spread, and an analysis of
the patient’s functional status.'¥ Before performing any
invasive procedures, imaging is always performed first.
Common imaging studies include a magnetic resonance
imaging or computed tomography scan. The findings of
these scans of the chest and clinical presentation usually
allow for a tentative differentiation between SCLC and
NSCLC. In patients suspected of having NSCLC, the method
of diagnosis is usually governed by the expected stage of
the disease. Sample biopsies can be recovered by fine-
needle aspiration, endoscopic ultrasound, bronchoscopy,
thoracoscopy, mediastinoscopy, or a lymph node biopsy.
Patients with suspected lung cancer who present with a
pleural effusion can also undergo thoracentesis. The reason
for this is to differentiate between a malignant effusion and a
paramalignant effusion which alters the staging and potential
therapies for that patient.”! Histological confirmation is very
effective in directing the most appropriate treatment, so it
is carried out in all possible cases. However, in situations in
which it is impossible to obtain a biopsy, an unambiguous
cytology result is considered an adequate secondary
option."! Bronchoscopy allows confirmation of the primary
tumor with a sensitivity of 0.88 for central tumors and
0.78 for peripheral tumors. It also provides information
for T and N-staging."”! Based on these figures, current
standard of practice is a histological confirmation from a
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lung specimen. This is preferred if it can be done without
running excessive risks. The initial evaluation and workup
must always be governed by the risk involved in the planned
workup in addition to the quality of life that treatment would
achieve. Cardiovascular limitations, as well as liver and renal
function, are also evaluated. Specifically, in NSCLC, the most
important aspects to deciding the correct type of therapy
depend on staging and accurate evaluation of the patient’s
functional status and whether adequate lung function would
be expected to remain after any planned curative treatment.!'
Then, the current treatments are looked through to show
which drugs show the most efficacy for the specific tumor
type, while considering the proteins that it expresses. Further
details on prognosis are summarized in [Table 1].

CURRENT TREATMENT

Despite there being great improvements in patient survival
over the last few decades in cancer treatment, there have
been little improvements in lung cancer survival. The lack of
improvement in lung cancer survival is largely attributed to
by the time; a diagnosis is made. As previously mentioned,
lung cancer is often in its advanced stage upon diagnosis so
treatment options are limited.’! However, when different
patients are diagnosed, the stage at which their cancer is in
determines the type of treatment that may have the most
efficacy. As shown in [Table 1], Stages I and II make up
25-30% of cases of NSCLC at diagnosis. In patients that
have no contraindications, surgical resection is the treatment
of choice. After surgery, the difference between Stage I and
Stage II are that Stage II patients also receive platinum-based
adjuvant chemotherapy. However, In patients with Stage I or
II tumors who cannot undergo surgery, radiotherapy with
curative intent is the most common therapy.!""

Stage III treatment is broken down into Stage IIIA and Stage
IIIB. Stage IITA makes up about 15-20% of all NSCLC at
diagnosis. These tumors are often treated like Stage I and II
non-small cell lung cancer, except in the presence of certain
contraindications on a case-by-case basis. After removal
of the tumor, it is followed by adjuvant chemotherapy. In
some scenarios where this cancer is found in N2 lymph
nodes, surgery and post-operative adjuvant platinum-based
chemotherapy should be given and radiotherapy should
be considered. In other situations, radio chemotherapy is

recommended. However, the treatment regimen is determined
on a case by case basis, taking the functional status of the
patient into consideration.!" In comparison, Stage IIIB makes
up a slightly less amount of NSCLC at the time of diagnosis
at about 10-15%. At this stage in the progression of NSCLC,
radio chemotherapy treatment is the standard of treatment.
The only variability is in reference to whether the patient is
given the treatment sequentially or simultaneously. If the
patient has a poor functional status, it is preferred to give
them sequential therapy, but if they are in relatively good
health, simultaneous treat is more advantageous.!"*!

The final stage, Stage IV, consists of 40-50% of all NSCLC at
diagnosis. In these patients, only palliative care is the standard
treatment. The current combination of platinum with a
modern combination partner, such as taxanes, gemcitabine,
or vinorelbine, leads to survival times of up to 10 months.
This regimen of chemotherapy has also been shown to not
only lengthen lives, but also improves symptoms in most
patients. With the advanced stage, there are a lot fewer
effective options for treatment, but recently there has been
an increasing amount of individualization in treatment
regimens, summarized in [Figure 1]. One of the newest
treatments is monoclonal antibodies against oncogenic-
related genes, such as vascular endothelial growth factor,
anaplastic lymphoma tyrosine kinase gene, epidermal growth
factor receptor (EGFR), and programmed death ligand-1. All
of these types of drugs have shown great efficacy and have
been shown to increase overall survival in patients with
Stage IIIB/IV NSCLC to over 12 months."" However, more
research needs to be done to fully investigate when these
drugs are appropriate. Over the past decade, several new
agents have become available for the treatment of metastatic
non-small-cell lung cancer. These drugs include the taxanes,
gemcitabine, and vinorelbine."! The combination of one or
more of these agents with a platinum compound in Phase
2 studies has resulted in high response rates and prolonged
survival at 1 year.'""!) However, since this time, there have
been only a few comparisons of the newer chemotherapy
regimens, which are now used frequently, with each other. In
addition, due to the difference in cell origins between SCLC
and NSCLC, many treatments show different efficacy when
given to each. Due to this, the following findings are specific
only to NSCLC.

Table 1: Diagnosis and prognosis summary for non-small cell lung cancer.

Stage Percentage 5 year survival rate
of cases without treatment (%)

I 10-15 45

II 10-15 25

III 25-35 15

v 40-50 2

Median survival without
treatment (months)

Median survival with
treatment (months)

5 year survival rate
with treatment (%)

48 65 100
28 40 43
12 22 20
6 20 18
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Treatment Protocol

| Stagel | | Stagell | Stage Il Stage IV
Surgical resection 8urqical rz.esection Palliative care with platinum
or radiotherapy if with adjuvant drug and combination therapy

surgery is chemotherapy | A | | IB | with modern combination drug
contraindicated or radiotherapy if
surgery is I Genetic testing of the tumor is
contraindicated rSugiaTeseeon]  [magomnoron also done t? osrege elI: gatlent isa
v!ith adjLuvant (Given sequentially therapy in combination
chemr py or simul ly
Radiotherapy should | Lymph node | O adiotherapy if based on patient's
b ldered el T surgery is functional status)
e considert involvemen containdicated
|
| Aberrations: EGFR, ALK, ROS1, BRAF, NTRK |
| EGFR+ | | Ak+ | [ ROs1+ | | BRAF+ | [ NTRK+ |
Erlotinib, p
s Crizotinib, R Dabrafenib +
Geﬁt.ll'!b, Ceritinib, anotlnllb,‘ Trametinib, Larotrectinib
Atfatml.b,. Alectinib Cabozantinib Vemurafinib
Osimertinib

Figure 1: Treatment algorithm for non-small cell lung carcinoma. This is a step-by-step treatment protocol
that is like what physicians use to guide them in choosing the most appropriate treatment. The TNM system,
by the American Joint Committee on Cancer, is used for determining the stage of the tumor. When in later
stages (III, IV) physicians then use gene-targeted therapy to determine aberrations in the specific cancer cell.
These aberrations then help the physician predict the most efficacious drug/drugs (shown at the bottom).

One research team, The Eastern Cooperative Oncology
Group, conducted a randomized and clinical trial comparing
four of the platinum-based drugs. They used two-drug
chemotherapy regimens in more than 1100 patients and
found the median survival was 8 months, with no significant
differences in overall survival among each group. This goes
to show that although modest progress has been made
with the use of chemotherapy in the treatment of NSCLC,
additional therapeutic options are needed.! In advanced
NSCLGC, responses to these types of therapy are brief. When
these drugs fail, second-line chemotherapy with docetaxel
can prolong survival after platinum-based therapy. However,
if this drug fails to cause a response. there is at present no
defined role for third-line or fourth-line chemotherapy,
as their response rates have been seen to be 2.3% and 0%,
respectively.® Other studies show similar results that among
patients that were treated with docetaxel after the failure of
at least two chemotherapy regimens, survival was basically
identical to that among patients treated with only supportive
care.?!! This indicates that after resistance to the second-line
chemotherapy, continued treatment of a third drug should be

reexamined to insure that is in the best interest of the patient.
There are many studies that examine many mechanisms for
this resistance and one may be HSP.

HSP IN NSCLC

HSPs are a large family of chaperones that are involved
in protein folding and maturation of a variety of other
intracellular proteins. They aid in their folding and stability
by protecting them from degradation, oxidative stress,
hypoxia, and thermal stress. These proteins are also one of the
most recent drug resistant mechanisms of interest in cancer
cells. Interestingly, tumor cells have been found to be more
HSP chaperone dependent than normal cells. This is mainly
since the oncoproteins in cancer cells are often misfolded
and require chaperone proteins to correct their orientation.
This has led to the recent development of inhibitors of these
proteins, like Hsp90. These drugs have shown promise both
pre-clinically and clinically in the treatment of certain cancer
cell lines, including lung cancer.
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POTENTIAL THERAPEUTIC GENE TARGETS
MRP1 mutations

About 25 years ago, the knowledge of the initial response
rate of NSCLC tumors being much lower than SCLC to
chemotherapies lead to the belief that these NSCLC displayed
inherent drug resistance. The molecular basis of drug
resistance in both SCLC and NSCLC remains to be poorly
understood. However, the first protein examined to play a role
in this mechanism was P-glycoprotein. The overexpression of
this transmembrane transport protein had been detected in
different multidrug-resistant tumor cell lines and in a variety
of tumors with both acquired and inherent drug resistance, but
despite the widespread occurrence of drug resistance in human
lung tumors, overexpression of P-glycoprotein is infrequent.
This leads researchers to examine other potential targets that
induce alternative resistance mechanisms.®! In a study years
later, MRP1, encoded by the ABCC1 gene, was examined. It
was originally discovered as a cause of multidrug resistance in
tumor cells, and since then, MRP1 serves a role beyond that of
only mediating the ATP-dependent efflux of compounds from
cells. The other roles that this protein plays are causing efflux
of both antioxidant glutathione and the pro-inflammatory
cysteinyl leukotriene C4. Additional lipid mediators are also
expected to be substrates of this transporter, but more research
needs to be done. This multifaceted role played by MRP1 is
why it likely has a role in the etiology and progression of many
diseases.?! One disease of particular interest is NSCLC.

On further examination of this protein, human MRP1
has been shown to be amplified at least 100-fold in the
multidrug-resistant lung cancer cell lines. This is of particular
interest because of the diversity of compounds that this
protein is able to efflux.? Therefore, elevated MRP1 protein
and messenger ribonucleic acid (RNA) levels have been
considered in many tumors as predictors of poor response
to chemotherapy. In another study, it was shown that the
MRP1 is intrinsically expressed and functionally active in
NSCLC, and this expression has an indirect correlation
with the cell’s sensitivity to chemotherapeutics. In addition,
almost all NSCLC cells in this study had an intrinsic MRP1
overexpression in the tumor tissue.”” However, there is
contradictory data saying that this is not always the case.¢?”)

It was proposed that the discrepancy might be explained by
the detection methods used or the investigated patient groups.
Whether they looked at RNA versus protein or early versus
late stage of the disease may change the amount of the specific
marker expressed. In this study the data showed that MRP1
expression in the malignant tissues was highest in early-
stage and declined with progression into the late-stage of the
cancer. This suggests that the MRP1 overexpression may be a
result of cancer transformation of normal cells and then the
cancer cells down regulate it as it progresses. Similarly, it was

shown that MRP1 overexpression was associated with tumors
that were lower grade. While the prognosis may be assumed
to be better, this association was absent. The reason for this
is that although these cells may be less aggressive tumors, it
was found that these cancer cells are also much more resistant
to chemotherapy.” This finding has previously been found
in other studies showing that a worse prognosis of NSCLC
patients was seen in patients expressing high levels of MRP1
and treated by MRP1-related exported chemotherapies.?”*!
If there is a general overexpression of this protein in early
stages of the cancer transformation, this would suggest that
MRP1 may play a major role in the intrinsic drug resistance
of many NSCLC cell lines. It has also been hypothesized
that exposure to chemotherapy may also activate the multi-
drug resistance 1 (MDR1) gene and leading to an even more
resistant phenotype.! For this reason, MRP1 is a protein that
must be learned more about and drugs are being developed to
target mutations associated with it.

Overview: MT1G, RASSF1a and GPR56 mutations

While a large amount of research has been done on exporters
and the potential roles they play in chemotherapy resistance,
another mechanism has been proposed. Changing in gene
expression is not new to the development of cancer, but a new
mechanism of causing the change is related to hypermethylation
of genes. Many studies have shown that deoxyribonucleic acid
(DNA) is much more vulnerable to methylation than alterations
or mutations to the actual DNA sequence in response to
external stimuli, and it is these alterations that may lead to the
beginning stages of oncogenic progression. It has also been
reasoned that these changes may influence the direction of the
specific transformations of these cells.”” This mechanism has
already been shown in a specific adenocarcinoma of the breast,
neuroblastoma cells, ovarian tumors, and colon tumors, which
allows for consideration of the same mechanism occurring
in the resistant progression of adenocarcinoma of the lung.
In one study, a total of 3617 gene promoters were found to be
differentially methylated. However, 1581 were hypermethylated
and 2036 were hypomethylated in A549/DDP cells compared
with A549 cells. Of these, three potential hypermethylated gene
promoters were of interest. These genes were GPR56, MT1G,
and RASSF1 and they were chosen because of their previously
discovered role in tumorigenesis, tumor growth, or induced
modulated expression to stress.

RASSF1A mutations

RASSF1 is a recently discovered RAS family-related gene that
plays a role in multiple apoptotic and cell-cycle checkpoint
pathways. It also has been shown to play a role in microtubule
stability, most notably during sister chromatid segregation.
In addition, an isoform of RASSF1, RASSF1A, is a tumor
suppressor gene whose inactivation can lead to many types of
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cancer.” Its mechanisms is largely unknown, but it is believed
that it may regulate the pro-apoptotic kinase MST1 which plays
a major role in modulating the Hippo signaling pathway."!!
RASSF1 has also previously been examined to determine the
progression and prognosis of NSCLC."" This is such a notable
marker because loss of at least one RASSF1A allele was found in
more than 90% of small cell lung cancer and in 50-80% of non-
small cell lung cancer.®? RASSF1A ability to stabilize tubulin
has been compared to the taxol drug family. In a standard cell,
if the microtubule spindle complex is not formed properly,
the cell will undergo apoptosis. This is to prevent mutations
and aneuploidy. When this does not occur, chromosomal
missegregation and inheritable aneuploidy arises, leading to the
chance of malignancy.®” This process has been observed in the
previous studies. In a study on mouse embryonic fibroblasts,
Rassfla/mice were bread and allowed to mature. While Rassfla/
mice were viable, by the average age of 14 months, all of the
models had an increase in tumor incidence.*>**! With this data,
it can be concluded that RASSFIA has a tumor suppressor
function that needs to be investigated.

MT1G

MTI1G belongs to a class of metal binding proteins, and its
roles are related to its metal binding property. These including
the detoxification of heavy metals and inhibiting their
accumulation, donation of zinc and copper to enzymes and
transcription factors, like nuclear factor kappa B (NF-kB),
and protecting the cell against oxidative stress. Like RASSF1,
MT1G has also previously been examined to determine the
progression and prognosis of NSCLC.® While the current
incidence of mutated MT1G is not known in cancer cells,
the previous studies showed that MTIG expression was
repressed by methylation of the promoter region in several
human cancers, including hepatocellular cancer, colorectal
cancer, prostate cancer, and thyroid cancer.”** In addition,
restoration of the down regulated MT1G expression in some
cancer cells inhibited cell growth both in vitro and in vivo. This
suggests that this protein may play a role as a tumor suppressor
gene, but its mechanism is unknown.” However, based on
one study, ectopic expression of MT1G in certain cancer cells
dramatically inhibited cell growth and invasiveness. It did so
by inducing cell cycle arrest and apoptosis. By modulating the
activity of phosphatidylinositol-3-kinase (PI3K)/Akt pathway,
these cells showed decreased expression of Mdm?2 allowing
p53 to carry out its tumor suppressing function.*”’ However,
other research has shown contradicting information."" Hence,
more research needs to be done to elucidate the role of MT1G
in oncogenic progression and chemotherapy resistance.

GPR56

GPR56 is a G protein-coupled receptor that has been
shown to be implicated in brain development and plays a

role in cancer progression by inhibiting tumor growth and
metastasis. While this has been seen in human melanoma cell
line xenograft models, its role in MDR of lung cancer is still
unknown. In the study on human melanoma cells, expression
levels of this protein were also found to be inversely correlated
with metastases. It was also shown that its re-expression
led to suppressed melanoma growth and metastasis in a
xenograft cancer model.*? However, in other studies, the
expression levels of GPR56 were reportedly increased in
cancerous lesions compared with those in adjacent normal
tissues in several cancer types.****! 'This led to the idea that
GPR56 might play an inducing role at the early stages of
cancer development, but decrease in expression as the tumor
cells progress to a more undifferentiated state.! Because the
mechanism of GPR56 is unknown in the regulation of cancer,
multiple lines of evidence suggests that GPR56 functions as
an adhesion receptor. It is also believed to interact with the
extracellular matrix (ECM) directly. The reason that this
is indicated is because it has been shown to bind to TG2, a
major cross-linking enzyme of the ECM."! While this
study found no major structural differences between normal
models and GPR56—/-models, the mechanism of GPR56 in
cancer may lie more with its association to TG2. TG2, affects
fibronectin-mediated cell adhesion through integrins in an
enzyme-independent manner and with a loss of adhesion
metastases may be more common, but more research needs
to be done on this mechanism and how this protein may
cause chemotherapy resistance.*?

KRAS

KRAS is a small membrane bound GTPase that has been
found to be in 20-30% of lung adenocarcinomas in western
countries. With a gain of function mutation, this protein
has been shown to induce tumorigenesis and rapid cellular
growth. In the proteins normal structure, it is switched from
the active and inactive form by guanine nucleotide exchange
factors and GTPase-activating proteins. In the presence of
GTPase-activating proteins, the hydrolytic activity of KRAS
is increased significantly. GEFs cause the release of GDP. This
release allows free cellular GTP to bind to RAS, reactivating
it. The mutations that are of significance to tumorigenesis
are ones that impair the ability of KRAS to hydrolyze GTP.
With this loss of function, KRAS is locked in a constitutively
active state. The downstream signaling cascades remain on
leading to uncontrolled cellular proliferation and survival.
Another interesting aspect of KRAS mutations is that specific
mutations have been shown to have different biological
behaviors and subsequent different clinical outcomes. This is
likely due to the protein’s change in affinity for the cofactors
and the overall activation of the downstream cascade.
This mechanism is understood to be the way these tumor
cells develop resistance to regular chemotherapy. One key
component of KRAS signaling is activation of mammalian
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target of rapamycin (mTOR). This protein plays a direct role
in bypassing the regulatory mechanisms of the cell that many
chemotherapies drugs target. With the continuous activation
of the cascade, mTOR accumulates and causes normal
chemotherapy agents to be much less efficacious.

HSP90

HSPs are highly expressed proteins that consist of >2% of all
cellular proteins and play a role in stabilizing molecules of the
cell in response to stress. It is also known for helping orient
proteins into their proper tertiary structure. This function
plays an important role in numerous biological functions
including cell survival, proliferation, cancer progression, and
metastasis.*® Originally, HSP was thought to be only found
inside of cells, but these proteins now have been discovered
to have cytokine like properties in the extracellular space.
Several types of HSP, including Hsp60, Hsp72, and Hsp90,
have been found high concentrations outside of cells after
cellular damage and necrotic release or secreted in response
to certain stressful stimuli.*! These extracellular HSP is
thought to play an important role in modulating the immune
system, specifically in response to an infection or a disease.*”)
The modulating role is in response to HSP ability to binding
to specific peptides. These peptides act as the fingerprint
of the cause of the cell death and its origin. These markers
are then recognized by the immune system.*" The immune
recognition of these proteins relies on antigen presenting
cells (APCs). The chaperoned peptides are transferred to
APC to induce CD8" T lymphocytes specific for that peptide.
This antigen-specific immunity is like other immunogenic
mechanism seen through the body. The other role HSP play
in modulating the immune system is their ability to induce
stimulation of pro-inflammatory cytokine®®" and chemokine
production.® These cytokines are non-specific in regulating
immune responses, so extracellular HSP plays a critical role
in activation of both the innate and the adaptive immune
systems. This dual role of HSP as chaperones and cytokines is
now referred to as chaperone activity.*>*!

What is unique about HSP and cancer is that the normal level
of expression changes when a cell undergoes transformation
into a tumor cell. It has been shown that these cells will
increase their expression anywhere from two to tenfold.’*>*¢!
This higher expression has also been linked to a higher risk
of recurrence, distant metastasis, and a poorer prognosis.[57]
It does so because of its close ties to the Janus kinase/Signal
transducer and activator of transcription (JAK/STAT)
pathway as well as many other tumor transforming proteins.
Hsp90 is essential for the function of STAT3 [Figure 2] and
this pathway is what controls the tumor microenvironment
and cancer progression.***>*8 Hsp90 has also been shown
to stabilize PI3K and AKT proteins. It may also be through
this mechanism in which Hsp90 overexpressing cells may be

inhibiting cellular apoptosis in tumors.*¥ Overall, there has
been a large correlation with HSP, but more research needs to
be done to explain the exact role in which this protein plays
in tumor development and chemotherapy resistance.

DRUGS OF INTEREST
Aminoxyrone

As previously mentioned, Hsp90 plays a major role in the
stability of proteins that can have oncogenic effects. One is the
protein STAT3, and in the previous studies, the constitutive
activation of STAT3 in breast cancer was associated with drug
resistance to chemotherapy and a worse prognosis. However,
blockage of the JAK/STAT axis elicits antiangiogenic and
antimetastatic effects through suppression of the downstream
signaling pathways. Studies show that a direct interaction of
STAT3 and Hsp90 occurs before STAT3’s interaction with
JAK. Therefore, an Hsp90 inhibitor may provide a means of
treatment for drug resistant tumors with overactivation of the
JAK/STAT pathway or abnormalities from an overexpression
of Hsp90.5>* Tt may also play a role in down regulating
other molecular targets that help tumor progression and
proliferation outside of the JAK/STAT axis [Figure 2]. While
many trials have been performed, all HSP inhibitors have
shown high levels of toxicity. The reason for this is because
they induce a heat shock response. While many treatments
have been developed and put through clinical trials, all have
been stopped and there are no Food and Drug Administration
(FDA) approved HSP inhibitors used in the treatment of
NSCLC. In addition, a cell also has multiple redundancies
to HSP, and when these older generation HSP inhibitors
inactivated Hsp90, the cell would retain its resistance.
However, with the drug Aminoxyrone, this response no longer
takes place. As of now, all older generation Hsp90 inhibitors
bind to the ATP binding site in the N-terminal domain
of the Hsp90 protein. While this has been shown to inhibit
Hsp90, this also caused the heat shock response, activating
Hsp70, Hsp40, or Hsp27. These proteins with their redundant
or compensatory antiapoptotic function maintained the
stability of the mutated proteins and preventing cell death.
Aminoxyrone however utilizes a different mechanism. It
prevents dimerization of Hsp90 protein in the C-terminal
region of the protein. This inhibited Hsp90’s action and did
not result in the heat shock response.® However, no clinical
trials have been done to determine the efficacy and safety of
this drug in patients, so more research is needed.

Pan-class I PI3K inhibitor: Copanlisib

The PI3K/AKT/mTOR signaling pathway is one of the most
important and well-known regulators of cell growth, motility,
survival, metabolism, and angiogenesis.*! In addition,
activation of this pathway contributes to the development of
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Figure 2: Heat shock proteins 90 (HSP90) pathway and HSP90 inhibitor’s role in cancer progression. This is
a general overview of the different pathways that Hsp90 plays a role in. Hsp90 (dark green) binds to multiple
different proteins (labeled stabilized signaling protein) that go on to act as receptors, signaling molecules and
more. When bound together, Hsp90 stabilizes the signaling protein allowing it to properly orient itself in an
dependent manner. If this process runs unchecked, it can cause aberrant gene expression through multiple
pathways and sequential tumorigenesis. However, if exposed to an Hsp90 inhibitor these proteins will no
longer orient properly and deplete some of the cell's ATP. When incorrectly folded or unbound to Hsp90,
Ubiquitin E3 (Red) binds to the signaling protein and adds ubiquitin molecules (Ub) to it. This causes

programmed protein degradation and downregulates the cancer/resistance causing pathways.

tumors and resistance to chemotherapies,®” but inhibition
of PI3K can decrease cellular proliferation and increased
cellular death.®®) The inhibition of PI3K can be done by
multiple small molecule inhibitors, but one of particular
interest is the pan-PI3K inhibitors Copanlisib. In normal
physiologic conditions, PI3K is activated by extracellular
stimuli, such as growth factors, cytokines, and hormones.
Once it is activated, PI3K can catalyze the phosphorylation
and produce phosphatidylinositol molecules which binds and
recruits a number of other intracellular signaling molecules,
one of which is AKT which activates cell growth and cell
survival pathways.*! In the previous studies, mutations of

these kinases or decreased expression of their regulatory
pathways have led to oncogenic transformation. This showed
its central role in increasing tumor vasculature and invasive
potential of cancer cells. Deregulation of this pathway can
come from many mechanisms because of the diverse number
of molecules involved, but the most well-known include the
loss or inactivation of the tumor suppressor PTEN, mutation,
or amplification of PI3K, or activation of oncogenes upstream
of PI3K. Copanlisib (BAY 80-6946) is a highly selective and
reversible pan-class I PI3K inhibitor. Its main activity is against
the signaling molecule isoforms p110c and p1103, and it is
currently in clinical development.! At present, multiple Phase
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II trials are underway, and one trial with patients suffering from
relapsed or refractory indolent B-cell lymphoma had such
promising results (overall response rates of 59% and complete
response rates of 12%) that it leads to the accelerated approval
of Copanlisib for relapsed follicular lymphoma.l®® Clinical
trials of Copanlisib are also in patients with non-Hodgkin
lymphoma, but no treatment outcomes have been done on
any cell lines of patients with NSCLC. However, with these
promising results, it is worth examining how this drug may
play a role in inhibiting the aberrant expression of the PI3K/
Akt pathway in down regulated MT1G cancers cells.

Demethylation drugs: Norcantharidin (NCTD) and
5-Aza-CdR

Gene expression is controlled in multiple ways in eukaryotes,
but methylation of cytosine bases in DNA is a common
epigenetic manipulation that cells use to turn genes oftf. This
epigenetic change occurs at CpG islands in the promoter
regions, and the enzyme responsible for this is DNA
methyltransferase. Studies have shown that this mechanism
is important in embryonic development, genomic imprinting,
X-chromosome inactivation, and chromosome stability
and because this mechanism is of high importance, it is no
surprise that the overall methylation of promoters is similar in
the same tissue from person to person. However, there have
been significant differences found between normal and cancer
tissues from the same location. While tumor suppressor genes
are often silenced in cancer cells due to hypermethylation,
the genomes of cancer cells have also been shown to be
hypomethylated overall when compared to normal cells.l”
This is expected in cancer cells because low methylation of
DNA can cause chromosomal instability, which may result
in chromosome breakage, translocations, and oncogene
activation.’” How the cell determines what genes are to be
methylated is unknown, but present research is being done
to elucidate these mechanisms. In the past, methylation was
observed using immunofluoroscopy against 5-methylcytosine,
but as of recent, processes such as matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) have become more common.*”!

NCTD has been shown to play a role in inhibiting many types of
cancer, but its role in mechanism is not completely understood.
In one study, it was shown that NCTD had the ability to
decrease cyclin D1. It was proposed that it did so by targeting
the PI3K/Akt/NF-xB signaling pathway. Results of this study
also showed that NCTD downregulated the expression of anti-
apoptosis proteins, such as survivin, XIAP, cIAP1, and B-cell
lymphoma-2, and upregulated the apoptotic protein BAX.I®*! In
another study, NCTD was able to reverse the methylation state
of RASSF1A gene and induce its re-expression causing arrest
at G2/M phase and apoptosis in hepatocellular carcinoma
cells. RASSF1A has also been implicated in cisplatin resistant

adenocarcinomas which makes it a specific gene of interest.®!
This finding provides a reason to evaluate what other genes this
drug may also demethylate. Similarly, in one last study, NCTD
had also shown the ability to reverse MDR human breast cancer
cells by regulating the sonic hedgehog signaling.” At present,
this drug has no indications or clinical outcomes for any types
of cancers because it is not FDA approved in the United States,
but because of its promising results in multiple cell lines, it may
be a promising therapeutic in cancer cells suppressing gene
expression through hypermethylation.

5-Aza-CdR acts as DNA methyltransferase inhibitor. In
cells with hypermethylation, this drug has been shown to
modify suppression of genes important for differentiation
and proliferation. What is unique about this drug is that it is
insensitive to non-proliferative cells. At present, the Federal
Drug Administration has approved DNA methyltransferase
inhibitors for the treatment of myelodysplastic syndrome,
hematological malignancies, and to reduce the malignant
potential of solid tumors. This drug has been shown to cause
cell apoptosis and alter cell growth. However, 5-Aza-CdR
is not very stable and has shown some toxicity in aqueous
solution.*? There also are no current indications for NSCLC,
but it does show promise in cancer cells suppressing gene
expression through hypermethylation.

MRP1 inhibitor: Reversan

Reversan has been identified as an MRP1 inhibitor that is safe
and does not affect the pharmacokinetic properties of other
therapeutic agents. The reason that this is notable is because
other drugs targeting similar proteins bound the exporter and
competed with other therapeutic agents for transportation
in addition to CYP3A4. This is important because it was by
this mechanism that this drug caused high toxicity. Studies
have shown that Reversan is not a substrate for MRP1 by
demonstrating that there are similar accumulations of the
drug intracellularly in different cells, despite the increased
level of MRP1 in the different cells due to gene amplification.
At present, the exact mechanism of action of Reversan is
unknown, but since the original exporter modulators were
not ATPase inhibitors, it is likely that this drug has a similar
mechanism. However, this remains to be tested. It has also
been theorized that Reversan does not directly interact with
MRPI, but it rather alters the properties of the membrane
around the transporter. It is believed that this type of
mechanism would then alter the structure of the protein
and change its ability to export drugs.”"”? Even though
Reversan inhibits the function of multiple drug exporters, it
does not significantly alter the toxicity profile of conventional
chemotherapeutic relative to other exporter inhibitors. This
may be explained by the fact that Reversan does not interact
with CYP3A4 like other inhibitors that have been shown to
do. Because of this effectiveness in the absence of increased
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toxicity of other drugs, Reversan has potential for an
excellent therapeutic index compared to other similar drugs
in the same family when targeting cancers associated with
MRP1 or other multidrug transport overexpression.”7? This
drug is in the testing phase of multiple cancers and has no
indications for NSCLC yet. Promising results were shown in
other types of cancers in the Phase I clinical trial performed
by the Roswell Park Cancer Institute Corp.

KRAS inhibitor: AMG 510/Sortorasib

In the past, KRAS-mutant lung cancer, the treatment options
were still limited, and chemotherapies remain the first-line
recommendation. However, recent developments show
promise in therapy with much better efficacy. In the previous
studies, the presence of KRAS mutations has shown mixed
findings on prognostic and response to chemo and targeted
therapy which made choosing first line treatment difficult.
Since that time, AMG510 has since been developed and has
shown significant improvement in reducing tumor size and
decreased disease progression, especially when combined
with other chemo and targeted therapies. This drug works by
binding to the P2 pocket of KRAS, inhibiting its continuous
activation and downstream effects. It has also been shown
that this drug is more than 20 times more potent than any
other drug in its class. This drug is currently in clinical trials
(NCT03600883) and showing promising results. In two
patients in the trial, tumors have had a decrease in 34% and
67% with a median progression free survival of 6.9 months
for all the patients. In addition, the side effect profile was
shown to be limited to gastrointestinal upset and mild liver
enzyme elevation or damage with only 2% of patients in the
trial having serious side effects having to stop treatment.
While this drug is not currently FDA approved for NSCLC
treatment, this drug has shown its potential in being a great
adjunct therapy for resistant NSCLC, but further testing
needs done to determine in which patients and diseases the
treatment will be most efficacious and safe.

MALDI-TOF technology

MALDI-TOF-MS is a new device for proteomic analysis.
It is state of the art and is chosen of other protein analytics
devices due to its sensitivity, fast turnover, low cost, and ease
of use. It is also able to run multiple different tissue samples,
making it one of the most diverse analytic devices used today.
On running a sample, peaks correspond to ions formed from
relatively abundant compounds in the sample. In a majority
of samples, this consists mostly of peptides or proteins, but
samples can also be run to examine them for something
as diverse as the presence of microbes or the presence of
methylated genes.”! One of the most notable uses was that
of peptide mass fingerprinting. This is important because
this information can be used to detect diagnostic, prognostic,

and predictive proteomic biomarkers. In addition, MALDI-
TOF MS has also been using this fingerprinting to guide
the development of algorithms to decide the efficacy of
certain treatments. This is done by comparing patients with
similar diseases and treatment and looking at the protein
markers that make up the cell. One example of this can be
seen in the development of the algorithm looking into the
efficacy of EGFR-tyrosine kinase inhibitor (TKI). Based
on the associated mutations of certain cells, this program
has been able to help guide treatment of patients that may
benefit from the EGFR-TKIs."*”! In this study, we aimed to
detect serum proteins that differentiate the A549 and A549/
DDP cell lines and may be causing cisplatin resistance. Once
we had determined the genes of interest, we targeted those
genes either directly or through associated pathways. We
then compared how each cell responded to the therapy by
re-examining the target gene expressions. Throughout this
project, we were looking to see if targeting these genes were
able to sensitize the resistant cells to chemotherapy to guide
future treatment.

FUTURE TREATMENT

Over the past few decades, targeted therapy and
immunotherapy have made great contributions to the
treatment of lung cancer. Targeted therapy has been used
to use small molecular inhibitors to block the function of
mutated proteins of the tumor while immunotherapy uses the
idea of boosting the body’s own immune system to destroy
the cancer cells specifically. While each of these treatments
has both advantages and limitations, the overarching
problem with all cancers is resistance. With the new use of
MALDI-TOE-MS, therapies are now able to be prescribed
only if they show efficacy. In addition, with this device, we are
also developing drugs that can halt the cell’s ability to resist
treatments and make current treatments more efficacious. All
of this research is extremely important because lung cancer
remains to be the greatest cause of death from cancer in the
United States. !

DISCUSSION

NSCLC currently is the leading cause of death among all
cancer types with < 10% of patients have a 5-year survival
rate."¥) With 1.8 million new lung cancer diagnosis
worldwide, this accounted for nearly 13% of the global
cancer burden in 2012 and these numbers have only
increased since making lung cancer the most common cancer
worldwide.®! Depending on staging, surgery, chemotherapy,
and radiotherapy are current standards of treatment with
more research going into small molecule inhibitors and
immunotherapies."¥ While it has been shown that these
combinations have had positive responses, some tumors
have developed resistance to general chemotherapies such as
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cisplatin, which shows the importance of understanding the
mechanisms behind this acquired resistance.

Aminoxyrone is an Hsp90 inhibitor, and unlike other HSP
inhibitors, this drug shows significantly less toxicity levels
while showing equivalent inhibitory responses. The reason
for this is because Aminoxyrone does not cause a heat shock
response.>*! In addition, NSCLC has been shown to have
overexpression of Hsp90 and HSP are largely correlated
with developing resistance to cell death and resistance to
chemotherapies. Hsp90 specifically plays a role in the JAK/
STAT pathway and aberrant expression has been shown to
cause cell growth and survival.®>*! Although not currently
FDA approved for adjuvant NSCLC therapy, with the high
expression of Hsp90 found in NSCLC, this is a drug of
interest in reversing the resistance of tumor cells.

Copanlisib is a reversible pan-class I PI3K inhibitor selective
for p110c and p1103. MT1G has been shown to be silenced
in cancer cells due to hypermethylation. With this gene
silenced, other pathways have been shown to be overactive
and unregulated such as the PI3K/AKT/mTOR signaling
pathway. This pathway is one of the most important regulators
of many cell proliferative processes; therefore, tumor
progression as well as chemotherapy resistance.[*!! Although
this drug is not currently FDA approved for NSCLC, because
it can inhibit this aberrant pathway, further research needs
to be done to see the synergistic effects, it may have when
paired with other chemotherapy sensitizing therapies.

NCTD has been shown to have a diverse array of possible
antitumor mechanisms, but its exact reach is not known.
The most current studies have shown that this drug plays
a role in both inactivating the PI3K/Akt/NF-xB signaling
pathway as well as expressing previously silenced genes by
decreasing their promoter methylation. The most interesting
re-expressed protein is RASSF1A as it has been shown to be
downregulated in cells showing resistance to chemotherapy.
Moreover, while this drug is not FDA approved in the
U.S,, it has been shown to have promising results in other
countries. 5-Aza-CdR has a similar role to NCTD in
inhibiting DNA methylation. This drug is unique because
it is insensitive to non-proliferative cells.’?! At present, the
FDA has approved DNA methyltransferase inhibitors, but
there also are no current indications for NSCLC although
it may have a therapeutic effect. Because of this, NCTD and
5-Azr-CdR are unique and exciting new drugs that may have
synergistic effects with other drugs to resensitize cancer cells,
particularly ones suppressing expression of regulatory genes
through hypermethylation.

Reversan is a known inhibitor of MRP1 protein which has
been shown to play a major role in chemotherapy resistance.
This protein’s role in resistance is that it could export drugs
from target cells and allow them to decrease their toxicity.
While there have been many drugs developed to target

this mechanism, Reversan is of unique interest because it
has decreased toxicity compared to other drugs in its class
because it does not use CYP3A4. While the exact mechanism
is unknown or approved in the United States for NSCLC,
this drug has potential for a high therapeutic index relative
to the other drugs in its class. This is why it is currently in
the testing phase to examine the synergistic effect; it has with
other cancers in addition to determining its ability to reverse
the acquired resistance seen in many cancer types.””?

Sortorasib is a newly developed KRAS inhibitor that has been
shown to overcome the mechanism of resistance that many
cancers have acquired to common chemotherapy agents.
Through the downstream cascade of mTOR, this drug has
been able to reverse the replicative properties of the tumor
cells and allow the organism’s cell checkpoints to properly
regulate cell growth while providing the bodys immune
system enough time to appropriately handle the aberrant
body of cells. While there have been multiple drugs developed
to target this mechanism, Sortorasib has shown much greater
efficacy and a significantly smaller side effect profile. This drug
shows great promise in the future of oncological treatment,
but further studies need to be performed in Stages 2 and 3
clinical trials for a broader view of the effects of this therapy.

CONCLUSION

This article has discussed the current clinical standards
of treating NSCLC, signal pathways of how these tumors
acquire resistance, potential drug targets for these pathways,
and the role HSP plays in NSCLC. With this information, the
future studies could be designed to target HSP, PI3K aberrant
expression, hypermethylation with gene silencing, MRP1
overexpression, and KRAS mutations utilizing combination
therapies to examine the potential synergist properties to
re-sensitize tumor cells. In addition, these combination
therapies should also be investigated to see if they have their
own anti-tumor effects blocking proliferation and survival
as some of them are not currently used for cancer treatment.
This would allow for repurposing of current drugs on the
market or bringing to light novel therapies with more efficacy.
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