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Abstract

Background: Cognitive problems have been reported in breast cancer patients after
chemotherapy. A small group of older breast cancer survivors carrying the APOE4 gene, receiving
chemotherapy, was at increased risk of long-term impairment of brain function. We have analyzed
the expression of APOE and the next 23-ranked Alzheimer’s disease (AD) susceptibility genes in
malignant breast tumors. We wished to determine if these 24 genes might be related to breast
cancer.

Methods: To identify the most important AD susceptibility genes, we consulted the ALZGENE
database (www.alzgene.org/) which displays this information and regularly updates it. To analyze
the effect of AD susceptibility genes on breast cancer, we used The Cancer Genome Atlas
(TCGA). We analyzed TCGA data with cBioPortal for Cancer Genomics. cBioPortal provides
visualization, analysis, and download of large-scale cancer genomic data sets. cBioPortal can
analyze APOE in breast tumors but cannot distinguish its three alleles: E2, E3, and E4.

Results: About 1.6% of the tumors had APOE amplification (copy number alteration). Two
percent of the tumors had CD33 alterations. None of the tumors had APOE mutations. Two tumors
had CD33 missense mutations of unknown significance. Expression heatmap shows that over- or
underexpression of APOE and CD33 was correlated in most of the tumors. APOE alteration
significantly co-occurred with CD33 and CD2AP.

Conclusion: Alterations of certain cancer genes tend to co-occur, indicating that they may work
in tandem to drive tumor formation and development. This may be the case with the co-occurring
alterations of APOE, CD33, and CD2AP. It would be important to know which APOE allele(s)
were co-occurrent with CD33 and CD2AP and whether co-occurrence in the tumor predicted
increased risk of AD. This information could help in identification of specific risk factors for
breast cancer-related cognitive decline in older women, which has important implications for
oncology care.
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INTRODUCTION

Dementia, cognitive difficulties, and breast cancer are related, especially in older women.
For example, a link may exist between markers of biological aging and cognitive
performance in older survivors of breast cancer. However, a 6-year observational cohort
study identified no detrimental effect of endocrine therapy on cognitive function in survivors

of early-stage breast cancer, compared with those who were not receiving endocrine therapy.
1

Among women treated for early-stage breast cancer an average of 4 years previously, both
high DNA damage and low telomerase activity appear to be related to worse executive
functioning. High DNA damage is associated with worse memory, and low telomerase
activity is associated with worse attention and motor speed.2

High DNA damage and low telomerase activity could be the result of chemotherapy and
have nothing to do with aging or markers of normal biological aging. There are not enough
data in the literature currently to comment on whether these two markers are associated with
cognitive function in cancer survivors not treated with chemotherapy. Cognitive changes and
deficits in patients with cancer and in remission can be linked to the direct effects of cancer
itself, nonspecific factors, or other illnesses unrelated to the treatments or combination of
treatments administered.3

Cognitive problems have been reported in breast cancer patients after chemotherapy.* A
small group of older breast cancer survivors carrying the APOE4 gene, receiving
chemotherapy, was at increased risk of long-term impairment in brain function.® In addition,
the frequency of APOE4 in early-onset breast cancer survivors is increased (odds ratio:
2.15).6 While APOE is ranked the number one Alzheimer’s disease (AD) susceptibility
gene, many others have been identified in genome-wide association studies (GWAS).”

AD genes might have roles in cancer biology.8 For example, Feng et al. investigated the
genetic relationship between AD and cancer using GWAS summary statistics. They found a
significant positive genetic correlation between AD and five cancers combined: colon,
breast, prostate, ovarian, and lung.® Malik et a/. have identified a relationship between
CD33, AD, and acute myeloid leukemia.10

In the current study, we analyzed the expression of APOE and the next 23-ranked AD
susceptibility genes in malignant breast tumors. We wished to determine if these 24 genes
might be related to AD, as well as to tumor pathology.

METHODS

The mean age of 816 patients with breast cancer studied was 59 + 13. Seventy-three percent
were white, 11% black, 7% Asian, and 9% unclassified. 60% had invasive ductal carcinoma,
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16% had invasive lobular carcinoma, 11% had mixed ductal-lobular carcinoma, and 13%
had other histologies. Nine percent were Stage I, 56% Stage II, and 14% Stage III.

To identify the most important AD susceptibility genes, we consulted the ALZGENE
database (http://www.alzgene.org/) which displays this information and regularly updates it.”
The 695 genes in the database were identified in 1395 studies. As expected, APOE and its
three alleles (E2, E3, and E4) were number one [Table 1].

To analyze the effect of AD susceptibility genes on breast cancer, we used The Cancer
Genome Atlas (TCGA). TCGA is a project, begun in 2005, to catalog genetic mutations
responsible for cancer, employing genome sequencing, and bioinformatics. We used
cBioPortal for cancer genomics to analyze data in TCGA. cBioPortal provides visualization,
analysis, and download of large-scale cancer genomic data sets.}1 cBioPortal can analyze
APOE in breast tumors but cannot distinguish its three alleles: E2, E3, and E4. No
Institutional Review Board (IRB) or other approval was needed since TCGA data are public,
are unrestricted, and may be accessed and analyzed by anyone.

Gene expression is quantitated as fragments per kilobase of transcript per million mapped
reads upper quartile, which is an RNA-Seq-based expression normalization method.12

Simple statistics were calculated to identify patterns of mutual exclusivity or co-occurrence.
For each pair of query genes (e.g. APOE and CD33), an odds ratio (OR) is calculated
(Equation 1) that indicates the likelihood that the events in the two genes are mutually
exclusive or co-occurrent across the selected cases.

OR = (AXD)/(BxC) (1)

Where A = number of cases altered in both genes; B = number of cases altered in APOE but
not CD33; C = number of cases altered in CD33 but not APOE; and D = number of cases
altered in neither gene. Each pair was then assigned to one of three categories indicative of a
tendency toward mutual exclusivity, of a tendency toward co-occurrence, or of no
association. To determine whether the identified relationship is significant for a gene pair,
Fisher’s exact test was performed.1!

RESULTS

APOE was the highest ranking AD gene. Table 1 shows the first 24 AD genes from the
ALZGENE database, numbered by rank.

APOE alterations significantly co-occurred with CD33 and CD2AP. Table 2 shows these and
other significantly co-occurrent altered AD genes in 816 breast tumor samples. Pvalues are
Bonferroni adjusted. Q value is derived from the Benjamini—-Hochberg false discovery rate
correction procedure for multiple comparisons.3 We are unable to determine whether these
alterations were related to cognition. In addition, the large number of cases altered in neither
gene [i.e., variable D in Equation 1 and Column 3 in Table 2] actually drives the final odds
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ratio, meaning the value given by Equation 1 was at a higher chance to be quite biased. It is
not a static for co-occurrence anymore; it is a measure of (or at least highly correlated to) no
alterations in both.

About 1.6% of the tumors had APOE amplification (copy number alteration). Two percent
of the tumors had CD33 alterations. Although we were unable to distinguish the APOE
alleles, we did find that none of the tumors, and therefore none of the alleles, had APOE
mutations. Two tumors had CD33 missense mutations of unknown significance. Expression
heatmap shows that over- or underexpression of APOE and CD33 was correlated in most of
the tumors. We were unable to determine whether over- or underexpression affected
cognition. Figure 1 shows an Oncoprint of the APOE gene and CD33 gene in 816 breast
tumors.

Alteration did not affect overall survival (P= 0.592 logrank test) or disease-free progression.
Nor did alteration affect overall survival (P= 0.947 logrank test) or disease-free progression
in the 11 AD genes that significantly co-occurred. Figure 2 shows the distribution of
alterations in 24 AD genes among 816 breast cancers.

Figure 3 shows that APOE mRNA significantly co-expressed with APOC1 mRNA in 812
breast cancers. The APOC1 insertion allele, in combination with APOE E4, is a risk factor
for AD.14

Figure 4 illustrates APOE, CD2AP, and their network of neighboring genes, including
PIK3CA, the second most commonly mutated gene in breast cancer (TP53 is the most
common). An arrow signifies a directed interaction, and a line signifies an undirected
interaction. A blue arrow signifies control of state of change. The brown lines signify
targeted by drug. As indicated in the figure, serum albumin affects the APOE gene. Low
serum albumin levels are associated with worse cognition.1> We were unable to determine if
tumor APOE gene expression affects serum APOE levels.

DISCUSSION

Desikan et al. have used APOE allele and other genotype information for genetic assessment
of age-associated AD risk and development and validation of a polygenic hazard score.16
The polygenic hazard score combines the effects of more than two dozen genetic variants,
most associated by themselves with only a small risk of AD. The polygenic score is better at
predicting which cognitively normal older adults will go on to develop Alzheimer’s
dementia than APOE E4 alone.

Biological processes or pathways in cancer are often deregulated through different genes or
by multiple different mechanisms. However, cancer gene alterations usually do not occur at
random. Alterations of certain cancer genes tend to co-occur, indicating that they may work
in tandem to drive tumor formation and development.1! This may be the case with the co-
occurring alterations in Table 2, especially in APOE, CD33, and CD2AP. Many other genes
not included in the analysis might appear to significantly co-occur with APOE. However,
these genes have a much weaker relationship to AD; therefore, the significance of the co-
occurrent alterations would be uncertain.
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One of the fundamental premises of cancer biology is that driver mutations occur in the
tissue of origin to cause the tumor; these mutations are expected to be unique to the tumor
and should not be found in the rest of the body unless the tumor has metastasized. In this
study, we looked, in effect, for germline mutations predisposing toward cancer and AD,
which might play into the increased risk of cancer patients for cognitive dysfunction.1’

Cancer mortality and AD mortality increase with age, but some studies have shown an
inverse relationship between the two diseases, that is, older persons with cancer have a
reduced risk of AD and vice versa. However, other analyses suggest that AD and brain
tumor might be positively correlated. We previously reported a significant positive
correlation between AD mortality rate and malignant brain tumor mortality rate 1999-2016
in persons aged 65 years and older in (a) 1,101 US counties, £< 0.001 and (b) 50 US states,
P<0.001.18 Moreover, glial cells may play a role in the genesis of AD.19

Two separate arguments relate breast cancer to AD: (1) AD genes might contribute to
cognitive dysfunction in survivors and (2) AD genes might contribute to breast cancer
pathology. These are very different arguments, with different data suggesting each. We think
the second is more in keeping with what we have actually shown.

The first (AD genes > cognitive dysfunction in survivors) has a quick rationale. Since APOE
E4 has been linked to risk of cognitive impairment in cancer survivors, other AD risk genes
might also be present in cancer patients and might contribute to cognitive impairment in
cancer survivors.

The second argument (AD genes might contribute to breast cancer pathology) is more
cogent. To support it, we looked for AD gene mutations or copy number variations in tumor
tissue. The rationale is different. In this case, we assumed that known AD genes also play
roles in cancer biology. However, we could not look at the connection between tumor
mutations and cognitive function with the data at hand.

Persons with one or more APOE E4 alleles, having one or more copies of the CD33 risk
allele (rs3865444 C), are at increased risk of cognitive decline compared with APOE E4
carriers, no doubt reflected by the co-occurrence of APOE and CD33 alterations in the
breast tumors. AD pathology is also more severe in neuroimaging studies when both APOE
E4 and the CD33 risk allele are involved.29-22 Several single-nucleotide polymorphisms in
CD2AP are associated with a higher risk for AD, and CD2AP loss of function is linked to
enhanced AP production, tau-induced neurotoxicity, and reduced blood-brain barrier
integrity.23

It would be important to know which APOE allele (s) were co-occurrent with CD33 and
CD2AP and whether co-occurrence in the tumor predicted increased risk of AD. This
information could help in identification of specific risk factors for breast cancer-related
cognitive decline in older women, which has important implications for oncology care; 75%
of breast cancer survivors in the United States are 60 years of age and older. If more risk

factors were known, perhaps a patient’s therapy and aftercare might be adjusted accordingly.
5
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A weakness in our study is that we focused on the first 24 AD susceptibility genes. We
found eight pairs of genes that tended to co-occur [Table 2]. Only the co-occurrences of
CD33 and CD2AP with APOE were further analyzed. We focused on these genes because
AD genes below the first 24 have quite a small influence on the disease. Nevertheless, many
other genes, as a result of a huge reduction in the number of tests, might appear to co-occur
with APOE statistically significantly.

Another weakness is that the expressions of APOE and CD33 showed both positive and
negative correlations [Figure 1]. Visually, it appears to be balanced between negative and
positive cases, suggesting that the co-alteration in the two genes (i.e., positive cases) was
weighing not significantly highly as opposed to being not related. This again indicates that
the algorithm used to estimate co-occurrence could be significantly biased.

Acknowledgment

The authors thank Dr. Jian Jiong Gao, Memorial Sloan Kettering Cancer Center, for his assistance with cBioPortal.
Financial support and sponsorship

Nil.

REFERENCES

1. Van Dyk K, Crespi CM, Bower JE, Castellon SA, Petersen L, Ganz PA. The cognitive effects of
endocrine therapy in survivors of breast cancer: a prospective longitudinal study up to 6 years after
treatment. Cancer 2019; 125(5): 681-9. [PubMed: 30485399]

2. Carroll JE, Van Dyk K, Bower JE, Scuric Z, Petersen L, Schiestl R, Irwin MR, Ganz PA. Cognitive
performance in survivors of breast cancer and markers of biological aging. Cancer 2019; 125(2):
298-306. [PubMed: 30474160]

3. Pendergrass JC, Targum SD, Harrison JE. Cognitive impairment associated with cancer: a brief
review. Innov Clin Neurosci 2018; 15(1-2): 36—44. [PubMed: 29497579]

4. Raji MA, Tamborello LP, Kuo YF, Ju H, Freeman JL, Zhang DD, Giordano SH, Goodwin JS. Risk
of subsequent dementia diagnoses does not vary by types of adjuvant chemotherapy in older women
with breast cancer. Med Oncol 2009; 26(4): 452-9. [PubMed: 19067255]

5. Mandelblatt JS, Small BJ, Luta G, Hurria A, Jim H, McDonald BC, Graham D, Zhou X, Clapp J,
Zhai W, Breen E, Carroll JE, Denduluri N, Dilawari A, Extermann M, Isaacs C, Jacobsen PB,
Kobayashi LC, Holohan Nudelman K, Root J, Stern RA, Tometich D, Turner R, VanMeter JW,
Saykin AJ, Ahles T. Cancer-related cognitive outcomes among older breast cancer survivors in the
thinking and living with cancer study. J Clin Oncol 2018;10.1200/JC0.18.00140. [Epub ahead of
print].

6. Porrata-Doria T, Matta JL, Acevedo SF. Apolipoprotein E allelic frequency altered in women with
early-onset breast cancer. Breast Cancer (Auckl) 2010; 4: 43-8. [PubMed: 20697532]

7. Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi RE. Systematic meta-analyses of Alzheimer
disease genetic association studies: the AlzGene database. Nat Genet 2007; 39(1): 17-23. [PubMed:
17192785]

8. Snyder HM, Ahles T, Calderwood S, Carrillo MC, Chen H, Chang CH, Craft S, De Jager P, Driver
JA, Fillit H, Knopman D, Lotze M, Tierney MC, Petanceska S, Saykin A, Seshadri S, Shineman D,
Ganguli M. Exploring the nexus of Alzheimer’s disease and related dementias with cancer and
cancer therapies: a convening of the Alzheimer’s Association and Alzheimer’s Drug Discovery
Foundation. Alzheimers Dement 2017; 13(3): 267-73. [PubMed: 27998721]

9. Feng YA, Cho K, Lindstrom S, Kraft P, Cormack J, Igap Consortium CT; IGAP Consortium,
Colorectal Transdisciplinary Study (CORECT); Discovery, Biology, and Risk of Inherited Variants
in Breast Cancer (DRIVE); Elucidating Loci Involved in Prostate Cancer Susceptibility (ELLIPSE);

Cancer Transl Med. Author manuscript; available in PMC 2019 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lehrer and Rheinstein Page 7

Transdisciplinary Research in Cancer of the Lung (TRICL), Liang L, Driver JA. Investigating the
genetic relationship between Alzheimer’s disease and cancer using GWAS summary statistics. Hum
Genet 2017; 136(10): 1341-51. [PubMed: 28780673]

10. Malik M, Chiles J 3rd, Xi HS, Medway C, Simpson J, Potluri S, Howard D, Liang Y, Paumi CM,
Mukherjee S, Crane P, Younkin S, Fardo DW, Estus S. Genetics of CD33 in Alzheimer’s disease
and acute myeloid leukemia. Hum Mol Genet 2015; 24(12): 3557-70. [PubMed: 25762156]

11. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A, Sinha R,
Larsson E, Cerami E, Sander C, Schultz N. Integrative analysis of complex cancer genomics and
clinical profiles using the cBioPortal. Sci Signal 2013; 6(269): 11.

12. Shahriyari L. Effect of normalization methods on the performance of supervised learning
algorithms applied to HTSeg-FPKM-UQ data sets: 7SK RNA expression as a predictor of survival
in patients with colon adenocarcinoma. Brief Bioinform 2017; 10.1093/bib/bbx153. [Epub ahead
of print].

13. Thissen D, Steinberg L, Kuang D. Quick and easy implementation of the Benjamini-Hochberg
procedure for controlling the false positive rate in multiple comparisons. J Educ Behav Stat 2002;
27(1): 77-83.

14. Zhou Q, Zhao F, Lv ZP, Zheng CG, Zheng WD, Sun L, Wang NN, Pang S, de Andrade FM, Fu M,
He XH, Hui J, Jiang W, Yang CY, Shi XH, Zhu XQ, Pang GF, Yang YG, Xie HQ, Zhang WD, Hu
CY, Yang Z. Association between APOCL1 polymorphism and Alzheimer’s disease: a case-control
study and meta-analysis. PL0oS One 2014; 9(1): e87017. [PubMed: 24498013]

15. Llewellyn DJ, Langa KM, Friedland RP, Lang IA. Serum albumin concentration and cognitive
impairment. Curr Alzheimer Res 2010; 7(1): 91-6. [PubMed: 20205675]

16. Desikan RS, Fan CC, Wang Y, Schork AJ, Cabral HJ, Cupples LA, Thompson WK, Besser L,
Kukull WA, Holland D, Chen CH, Brewer JB, Karow DS, Kauppi K, Witoelar A, Karch CM,
Bonham LW, Yokoyama JS, Rosen HJ, Miller BL, Dillon WP, Wilson DM, Hess CP, Pericak-
Vance M, Haines JL, Farrer LA, Mayeux R, Hardy J, Goate AM, Hyman BT, Schellenberg GD,
McEvoy LK, Andreassen OA, Dale AM. Genetic assessment of age-associated Alzheimer disease
risk: development and validation of a polygenic hazard score. PLoS Med 2017; 14(3): e1002258.
[PubMed: 28323831]

17. Dietrich J, Monje M, Wefel J, Meyers C. Clinical patterns and biological correlates of cognitive
dysfunction associated with cancer therapy. Oncologist 2008; 13(12): 1285-95. [PubMed:
19019972]

18. Lehrer S. Glioma and Alzheimer’s disease. J Alzheimers Dis Rep 2018; 2(1): 213-8. [PubMed:
30560246]

19. Dzamba D, Harantova L, Butenko O, Anderova M. Glial cells — The key elements of Alzheimer s
disease. Curr Alzheimer Res 2016; 13(8): 894-911. [PubMed: 26825092]

20. Hayden KM, Lutz MW, Kuchibhatla M, Germain C, Plassman BL. Effect of APOE and CD33 on
cognitive decline. PLoS One 2015; 10 (6): e0130419. [PubMed: 26102276]

21. Casanova R, Hsu FC, Saldana S, Lutz MW, Kuchibhatla M, Germain CM, Plassman BL, Hayden
KM. Investigating associations between apoe, CD33 with measures of Alzheimer’s disease
severity derived from neuroimaging data. Alzheimers Dement 2016; 12(7): P718.

22. Ryan K, De Jager P, Boyd J, Glicksman M, Bradshaw EM. Correcting the functional consequences
of the CD33 Alzheimer’s disease risk allele using small molecules. Alzheimers Dement 2014;
10(4): P254.

23. Tao QQ, Liu ZJ, Sun YM, Li HL, Yang P, Liu DS, et al. Decreased gene expression of CD2AP in
Chinese patients with sporadic Alzheimer’s disease. Neurobiol Aging 2017; 56: 212.e5-212.e10.

Cancer Transl Med. Author manuscript; available in PMC 2019 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lehrer and Rheinstein

Page 8

ApoE Gl [{TTT]
co3s = [l {T1{EH

APOE
cD33

Genetic Alteration § Missense Mutation (unknown significance) ] Amplification | No alterations

Expression Heatmap. S Ml ¢ o

Figurel.
Oncoprint of the APOE gene and CD33 gene in 816 breast tumors, represented by small

vertical rectangles. About 1.6% of the tumors had APOE amplification (copy number
alteration). Two percent of the tumors had CD33 alterations. None of the tumors had APOE
mutations. Two tumors had CD33 missense mutations of unknown significance. Expression
heatmap shows that over- or underexpression of APOE and CD33 was correlated in most of
the tumors
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Figure2.
Distribution of alterations in 24 Alzheimer’s disease genes among 816 breast cancers
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Figure 3.
APOE mRNA significantly coexpressed with APOC1 mRNA in 812 breast cancers
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Figure 4.

APOE, CD2AP, and their network of neighboring genes, including PIK3CA, the second
most commonly mutated gene in breast cancer (TP53 is the most common). An arrow

signifies a directed interaction and a line signifies an undirected interaction. A blue arrow
signifies control of state of change. The brown lines signify targeted by drug. Low serum
albumin levels are associated with worse cognition in Alzheimer’s disease patients
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Highest ranking Alzheimer’s disease genes from the AlzGene database, numbered by rank

Rank Gene

1 APOE

2 BIN1

3 CLU

4 ABCA7

5 CR1

6 PICALM
7 MS4AGA
8 CD33

9 MS4A4E
10 CD2AP
11 EPHA1L
12 HLA-DRB1
13 PTK2B
14 SORL1
15 SLC24A4
16 RIN3

17 DSG2

18 INPP5D
19 MEF2C
20 NMES8

21 ZCWPW1
22 CELF1
23 FERMT2
24 CASS4

Table 1.
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