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ABSTRACT

BRG1 is mutated in 10% of lung cancers, making this mutation clinically relevant.
The downstream effects of BRG1 included significantly affecting the cell cycle
control and chromosomal replication pathway. CDK18, a cyclin-dependent
kinase, was determined to be the gene with significantly decreased expression (p
<0.0001) in the cell cycle control and chromosomal replication pathway. CDK18
is active during the S-phase of the cell cycle and required for genomic stability.
Studies were conducted to determine the epigenetic mechanisms that
contributed to the repression of CDK18. Histone methylation contributes to the
repression of CDK18, and histone deacetylation globally regulates expression of
CDK18, while cytosine methylation was found to not contribute to CDK18
expression. Studies were performed to elucidate CDK18 functional role lung

carcinogenesis and the genome-wide impact of CDK18 repression. Repression



of CDK18 affects cell migration, proliferation, cell-cell signaling, and anchorage-

independent growth that contribute to cancer initiation and progression.
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Figure 11: Differential gene expression in immortalized human bronchial epithelial cell lines and lung
tumor-derived cell lines. The figure shows the total number of differentially expressed genes in HBEC14,
Calu6, H358, and H441. The red indicates total number of genes with increased expression and the blue
indicated the total number of genes with decreased expression. There are more differentially expressed genes
with an increase in HBEC14 than the lung tumor-derived cell lines by about double. There is not much of a
variation in differentially expressed genes in the lung tumor-derived cell lines.

Figure 12: Pathway analysis of immortalized human bronchial epithelial cell lines (HBEC14) with CDK18
knockdown. This figure displays the top eight significantly affected pathways with the CDK18 knockdown.
The negative log value is in the range of -8 to -22 which is highly significant. The cellular movement pathway
is the most significantly altered pathway with a log value of -22, indicating that there are more genes in this
pathway that were significantly affected than the other pathways.
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Figure 13: Pathway analysis of lung tumor-derived cell lines Calu6, H358, and H441 with CDK18
knockdown. This figure displays the top eight most significantly affected pathways with CDK18 knockdown.
The negative log value is in the range of -2.5 to -5 which is significant, however, not as signficant as seen in
the figure above. The lung tumor-derived cell lines have malignant attributes which may contribute to these
cell linesand the pathways not being as significantly affected with the CDK18 knockdown as the HBEC14 cell
lines shown above.
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Figure 14: Anchorage-independent growth in lung tumor-derived cell lines. The figure is displaying the
total number of colonies formed in soft agar in parent, siRNA scramble control #1, and siRNA CDK18
knockdown for each cell line. H441 had significant increase in colony formation with CDK18 knockdown (p
<0.001). Calu6 did have an increase in colony formation and H358 did not show much change in colony
formation.
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Figure 15: Cell migration in lung tumor-derived cell lines with CDK18 knockdown. Wound closure in the
lung tumor-derived cell lines showed that two of the three lines were significantly affected by the CDK18
knockdown. The time points for measuring percent closure is Ohour, when wound was made, 24hours,
48hours, and 72hours after wound was made. Calu6 and H441 had significant decreased ability to migration
to close the wound made. In Calu6 24 hours after the wound was made, cell migrations were significantly
affected (p > 0.01), 48 hours and 72 hours after the wound, cell migration was significantly affected (p >
0.05). In H441, the cell’s ability to migrate was significantly affected for each time point (p < 0.001). H358 did
not show a similar pattern as Calu6 and H441.

29



CHAPTER 4: DISCUSSION

As BRG1 is mutated in 10% of lung cancers, determining the effect of this
mutation may improve our understanding of how these cancers evolve. It was
found that cell cycle control and chromosomal replication pathway is the most
significantly affected pathway in lung tumor-derived cell lines. A vital component
of the cell cycle control and chromosomal replication pathway is cyclin-dependent
kinases and cyclins. Aberrations in the cell cycle and cyclins can assist in driving
chromosomal abnormalities which can lead to cancer initiation and progression
[18, 38]. Of the 18 genes studied in gene expression analysis, CDK18 was the
gene with significantly altered expression. CDK18 is a cyclin-dependent kinase
that is a regulator of genomic stability and active during the S-phase of cell cycle.
When cells are depleted of CDK18, they have a delay in returning and progressing
through cell cycle with DNA damage. CDK18 promotes ATR-mediated replication
stress signaling using chromatin retention of regulators RAD17 and RAD9 [39].
DNA replication stress and DNA damage assist in driving cancer. When CDK18 is
depleted or no longer expressed, ATR-mediated replication stress signaling is not
as active [39]. This contributes to genomic instability, a hallmark of cancer
contributing progressions. For breast cancer, CDK18 is being further evaluated to
assess its potential as an anti-cancer target [40]. The decreased expression of
CDK18 could be driven by histone methylation or cytosine methylation. CDK18
was assessed for its role in lung carcinogenesis through elucidating the

mechanisms that contribute to the decreased expression of CDK18.
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CDK18 is a cyclin-dependent kinase that has significantly decreased
expression in BRG1-mutated lung cancers. Cytosine and histone methylation was
assessed to elucidate the epigenetic mechanism underlying the decreased
expression of CDK18. lllumina H8450K analysis revealed that while there was
dense methylation on either end of the CpG island in the promoter region and
exon1 of CDK18, the methylation decreased as probes moved toward the middle
of the CpG island. The fact that the parental and the knockout clones for Calu6
and H358 showed a similar pattern for CpG methylation indicates that reduced
expression of CDK18 in the clones is not due to increased promoter region
cytosine methylation. ChIP revealed some enrichment of the histone methylation
mark histone3K9 and histone3K27, relative to histone3K4 suggesting that histone
methylation contributes to the repression of CDK18 with BRG 7-mutation. There is
also global regulation of CDK18 expression via histone acetylation, however, this
did not differ in extent between parent and knockout clones.

Histone methylation is contributing to the repression of CDK18 in BRG1-
mutant lung cancers given the slight increase in enrichment. These studies will be
repeated to further include H358. Other factors that include modulation of
transcription factors that bind to the CDK18 promoter region could be regulating
expression. From the TSA and MS-275 drug treatment experiments, there is global
regulation of CDK18 via histone acetylation. This indicated that histone
deacetylation appears to contribute to the repression of CDK18 in Calu6 wild type,
however, the BRG1 LOF does not further reduce the repression of CDK18 via

deacetylation. In H358 wild type histone deacetylation does not appear to
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negatively regulate CDK18 expression. CDK18 was further evaluated to determine
how loss of expression for this gene affect global genome-wide expression and its
role in lung carcinogenesis.

In order to understand CDK18’s functional role in lung carcinogenesis,
siRNA-mediated transfection was performed followed by RNA sequencing, soft
agar, and wound closure. Transient knockdown of CDK18 was performed to
determine how loss of CDK18 affects the cell’s ability to proliferate, migrate, and
grow in three dimensions. The siRNA-mediated transfection was effective in
knocking down CDK18 in the cell lines in a range of 40-80%. The results from the
RNA-sequencing showed that HBEC14 had the most differentially expressed
genes compared to Calu6, H358, and H441. The data also revealed that the
pathways in HBEC14 KDs were more significantly affected than those from the
lung tumor-derived cell lines. The pathway most significantly affected by CDK18
KD is the cellular movement pathway in the human bronchial epithelial cells with a
-log p-value around 21. For the lung tumor-derived cell lines, Calu6, H358, and
H441, the pathways were not as significantly affected. The most significantly
affected pathways in these cell lines are lipid metabolism, small molecule
biochemistry, and vitamin/mineral metabolism with -log p-values around 4.5. The
dramatic effect by CDK18 on the HBEC14 transcriptome and pathways suggest
that early loss of function of this gene may contribute to pre-malignancy.

Soft agar experiments revealed that with CDK18 KD there was an increase
in anchorage independent growth. This experiment will need to be repeated to

confirm and validate results. Thus far, the data reveals that for lung tumor-derived
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cell lines Calu6 and H441, the CDK18 KD increased cell growth and colony
formation. This could indicate that when CDK has decreased expression, it affects
cellular proliferation and ability to grow into a colony from a single cell consistent
with its effect on cell growth and proliferation pathway. Wound closure for Calu6
KD and H441 KD showed a delay in the cell’s ability to close the wound compared
to the parent, while the H358 KD cells initially experienced a delay in migrating to
close the wound but ultimately closed more rapidly than the parent. Thus, loss of
function of CDK18 appears to effect cell-cell interaction and migration, properties

that contribute to malignancy.

33



CHAPTER 5: CONCLUSION/FUTURE DIRECTIONS

CDK18 in this study was shown to affect cell migration, cell-cell signaling,
cell proliferation, and anchorage-independent growth. Additionally, when CDK18
has decreased expression, the effect on immortalized human bronchial epithelial
cells implicated CDK18 contributing to cancer initiation and progression
suggesting this gene may function as a tumor suppressor in lung cancer. CDK18
impact in cancer appears to vary by tumor type and phenotype. High levels of
CDK18 expression were associated with the most aggressive form of breast
cancer, triple negative, while its expression in estrogen receptor negative cancer
was prognostic for increased survival and response to chemotherapy [40]. CDK18
activates the ATR-mediated replication stress signaling pathway, a mechanism
likely driving the increased sensitivity to chemotherapy in the setting of high gene
expression [40]. Another study found that CDK18 is directly involved in the
differentiation of oligodendrocytes through the regulation of RAS/MEK/ERK
pathway [41]. This supports our finding that CDK18 plays a key role in cell-cell
signaling.

The future directions of this study will be to confirm results seen in chromatin
immunoprecipitation, soft agar, and wound closure. Once those studies are
repeated, the next steps will be to further assess CDK18's role in lung
carcinogenesis through evaluating its effect on cell cycle with flow cytometry and

on tumor growth using mouse xenograft models.

34



10.

11.

12.

REFERENCES

Comprehensive molecular profiling of lung adenocarcinoma. Nature, 2014. 511(7511): p.
543-550.

Tessema, M., et al., Common cancer-driver mutations and their association with
abnormally methylated genes in lung adenocarcinoma from never-smokers. Lung Cancer,
2018. 123: p. 99-106.

Imielinski, M., et al., Mapping the Hallmarks of Lung Adenocarcinoma with Massively
Parallel Sequencing. Cell, 2012. 150(6): p. 1107-1120.

Orvis, T., et al., BRG1/SMARCA4 Inactivation Promotes Non—Small Cell Lung Cancer
Aggressiveness by Altering Chromatin Organization. Cancer Research, 2014. 74(22): p.
6486-6498.

Xue, Y., et al., CDK4/6 inhibitors target SMARCA4-determined cyclin D1 deficiency in
hypercalcemic small cell carcinoma of the ovary. Nature Communications, 2019. 10(1).

Jayaprakash, S., et al., The ATPase BRG1/SMARCA4 is a protein interaction platform that
recruits BAF subunits and the transcriptional repressor REST/NRSF in neural progenitor
cells. Molecular and Cellular Biochemistry, 2019. 461(1-2): p. 171-182.

Barisic, D., et al., Mammalian ISWI and SWI/SNF selectively mediate binding of distinct
transcription factors. Nature, 2019. 569(7754): p. 136-140.

Narlikar, G.J., R. Sundaramoorthy, and T. Owen-Hughes, Mechanisms and functions of
ATP-dependent chromatin-remodeling enzymes. Cell, 2013. 154(3): p. 490-503.

Kadoch, C., et al., Dynamics of BAF—Polycomb complex opposition on heterochromatin in
normal and oncogenic states. Nature Genetics, 2017. 49(2): p. 213-222.

Stanton, B.Z., et al., Smarca4 ATPase mutations disrupt direct eviction of PRC1 from
chromatin. Nature Genetics, 2017. 49(2): p. 282-288.

Pan, J., et al., The ATPase module of mammalian SWI/SNF family complexes mediates
subcomplex identity and catalytic activity—independent genomic targeting. Nature
Genetics, 2019. 51(4): p. 618-626.

<Mechanisms for Nucleosome Movement by ATP-dependent Chromatin Remodeling
Complexe.pdf>.

35



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Abbas, T., M.A. Keaton, and A. Dutta, Genomic Instability in Cancer. Cold Spring Harbor
Perspectives in Biology, 2013. 5(3): p. a012914-a012914.

Negrini, S., V.G. Gorgoulis, and T.D. Halazonetis, Genomic instability — an evolving
hallmark of cancer. Nature Reviews Molecular Cell Biology, 2010. 11(3): p. 220-228.

Wei Dai, Y.Y., Genomic Instability and Cancer. Journal of Carcinogenesis & Mutagenesis,
2014. 05(02).

Garrett, M.D., Cell cycle control and cancer. Current Science, 2001. 81(5): p. 515-522.

Barnum, K.J. and M.J. O'Connell, Cell cycle regulation by checkpoints. Methods Mol Biol,
2014. 1170: p. 29-40.

Barone, G., et al., Human CDK18 promotes replication stress signaling and genome
stability. Nucleic Acids Res, 2016. 44(18): p. 8772-8785.

Malumbres, M. and M. Barbacid, To cycle or not to cycle: a critical decision in cancer.
Nature Reviews Cancer, 2001. 1(3): p. 222-231.

Matsuda, S., et al., PCTAIRE kinase 3/cyclin-dependent kinase 18 is activated through
association with cyclin A and/or phosphorylation by protein kinase A. J Biol Chem, 2014.
289(26): p. 18387-400.

Cole, A.R., PCTK proteins: the forgotten brain kinases? Neurosignals, 2009. 17(4): p. 288-
97.

Hustedt, N. and D. Durocher, The control of DNA repair by the cell cycle. Nat Cell Biol,
2016. 19(1): p. 1-9.

Jones, P.A., DNA methylation and cancer. Oncogene, 2002. 21(35): p. 5358-5360.

Warnecke, P.M. and T.H. Bestor, Cytosine methylation and human cancer. Current
Opinion in Oncology, 2000. 12(1): p. 68-73.

Kumar, S., V. Chinnusamy, and T. Mohapatra, Epigenetics of Modified DNA Bases: 5-
Methylcytosine and Beyond. Frontiers in Genetics, 2018. 9.

Dhingra, R., et al., Evaluating DNA methylation age on the lllumina MethylationEPIC Bead
Chip. PLOS ONE, 2019. 14(4): p. e0207834.

36



27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Filipczak, P.T., et al., p53-Suppressed Oncogene TET1 Prevents Cellular Aging in Lung
Cancer. Cancer Research, 2019. 79(8): p. 1758-1768.

Pidsley, R., et al., Critical evaluation of the lllumina MethylationEPIC BeadChip microarray
for whole-genome DNA methylation profiling. Genome Biology, 2016. 17(1).

Kurdyukov, S. and M. Bullock, DNA Methylation Analysis: Choosing the Right Method.
Biology, 2016. 5(1): p. 3.

Pan, M.R., et al., Orchestration of H3K27 methylation: mechanisms and therapeutic
implication. Cell Mol Life Sci, 2018. 75(2): p. 209-223.

Shi, L., H. Wen, and X. Shi, The Histone Variant H3.3 in Transcriptional Regulation and
Human Disease. J Mol Biol, 2017. 429(13): p. 1934-1945,

Nichol, J.N., et al., H3K27 Methylation: A Focal Point of Epigenetic Deregulation in Cancer.
Adv Cancer Res, 2016. 131: p. 59-95.

Boros, J., et al., Polycomb Repressive Complex 2 and H3K27me3 Cooperate with H3K9
Methylation To Maintain Heterochromatin Protein 1 at Chromatin. Molecular and Cellular
Biology, 2014. 34(19): p. 3662-3674.

Mozzetta, C., et al., The Histone H3 Lysine 9 Methyltransferases G9a and GLP Regulate
Polycomb Repressive Complex 2-Mediated Gene Silencing. Molecular Cell, 2014. 53(2):
p. 277-289.

Verdone, L., M. Caserta, and E. Di Mauro, Role of histone acetylation in the control of gene
expression. Biochem Cell Biol, 2005. 83(3): p. 344-53.

Tessema, M., et al., Genome-wide unmasking of epigenetically silenced genes in lung
adenocarcinoma from smokers and never smokers. Carcinogenesis, 2014. 35(6): p. 1248-
1257.

Livak, K.J. and T.D. Schmittgen, Analysis of Relative Gene Expression Data Using Real-
Time Quantitative PCR and the 2-AACT Method. Methods, 2001. 25(4): p. 402-408.

Macheret, M. and T.D. Halazonetis, DNA Replication Stress as a Hallmark of Cancer.
Annual Review of Pathology: Mechanisms of Disease, 2015. 10(1): p. 425-448.

Ning, J.F., et al., Myc targeted CDK18 promotes ATR and homologous recombination to
mediate PARP inhibitor resistance in glioblastoma. Nat Commun, 2019. 10(1): p. 2910.

37



40.

41.

Barone, G., et al., The relationship of CDK18 expression in breast cancer to
clinicopathological parameters and therapeutic response. Oncotarget, 2018. 9(50): p.
29508-29524.

Pan, Y., et al., Cyclin-dependent Kinase 18 Promotes Oligodendrocyte Precursor Cell
Differentiation through Activating the Extracellular Signal-Regulated Kinase Signaling
Pathway. Neuroscience Bulletin, 2019. 35(5): p. 802-814.

38



