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Abstract 

The APOBEC proteins are DNA cytosine deaminases with roles in immunity, including 

retroviral restriction and antibody maturation. Their activity theoretically makes them a 

danger to genomic DNA. The subfamily of APOBEC3 genes has expanded to included 

seven different genes in primates. Based on their subcellular localization, only a subset of 

these APOBEC3 proteins have access to genomic DNA, and may potentially deaminate 

genomic DNA. Although the nuclear envelope breaks down during mitosis, I demonstrate 

that none of the APOBEC3s gain access to genomic DNA during cell division. However, 

APOBEC3B and other APOBEC3 proteins have access to genomic DNA during 

interphase. I also show that APOBEC3B is actively imported into the nuclear 

compartment. In general, APOBEC3 nuclear localization and deaminase activity 

correlate with ability to affect cell cycle progression, implicating these APOBEC3s in 

deamination of genomic DNA. In support of these conclusions, I observed cell death, 

activation of the DNA damage response and DNA mutations after ectopic expression of 

APOBEC3A and APOBEC3B. Moreover, endogenous APOBEC3B is demonstrably 

nuclear and active in breast cancer cell lines where it causes genomic deamination and 

mutations. Endogenous APOBEC3B is highly expressed in more than half of human 

breast cancers compared to normal breast tissues. In addition, sequences from tumors 

with higher levels of APOBEC3B have more mutations, and these mutations match 

APOBEC3B’s deamination signature. My thesis work further defines the subcellular 

localization of the APOBEC3 family and provides the first evidence that APOBEC3B is 

involved in a human cancer type. 



 

 iv 

Table of Contents 

Acknowledgements         i 
Dedication          ii 
Abstract          iii  
Table of Contents         iv 
List of Tables          v 
List of Figures          vi 
Appendix          ix 
Chapter 1 – Introduction        1 

Figures         13 
Chapter 2 – APOBEC3B and AID have similar nuclear import mechanisms 20 

Foreword and contributions       21 
Summary         22 
Introduction         23 
Results          25 
Discussion         31 
Materials and Methods       33 
Specific Contributions       41 
Figures         42 

Chapter 3 – Subcellular localization of the APOBEC3 proteins during mitosis  
and implications for genomic DNA deamination     57 

Foreword and contributions       58 
Summary         59 
Introduction         60 
Results          63 
Discussion         69 
Methods         72 
Specific Contributions       74 
Figures         75 

Chapter 4 – APOBEC3B is an enzymatic source of mutation in breast cancer 94 
Foreword and contributions       95 
Summary         96 
Results and discussion       97 
Supplementary discussion       105 
Methods         107 
Additional methods        108 
Specific Contributions       114 
Figures         116 
Tables          142 

Chapter 5 – Discussion        152 
References          161 



 

 v 

List of Tables 

Table 4-S1. Breast cancer cell line information.      142 

Table 4-S2. Breast tumor patient information.      143 

Table 4-S3. Microarray results for the APOBEC3 genes.     144 

Table 4-S4. Affymetrix A3A probe set specificity.      145 

Table 4-S5. Affymetrix A3B probe set specificity.      146 

Table 4-S6. Affymetrix A3C probe set specificity.      147 

Table 4-S7. Affymetrix A3F/A3G1 probe set specificity.     148 

Table 4-S8. Affymetrix A3F/A3G2 probe set specificity.     149 

Table 4-S9. Affymetrix A3G probe set specificity.      150 

Table 4-S10. Affymetrix A3G2 probe set specificity.     151 

 



 

 vi 

List of Figures 

Fig. 1-1. Reaction and functions of the CDA and TadA/ADAT2 families.  13 

Fig. 1-2. Evolutionary tree with the APOBEC repertoire indicated for each  

organism.          14 

Fig. 1-3. Activity and localization of AID.       15 

Fig. 1-4. RNA-editing activity of APOBEC1.      17 

Fig. 1-5. Activity and localization of the APOBEC3 proteins.   18 

Fig. 2-1. Relationships between AID and A3B.     42 

Fig. 2-2. A3B is actively imported into the nucleus.     44 

Fig. 2-3. A3B and AID localize differently during the mitosis.   45 

Fig. 2-4. Single amino acid changes within the β2 region affects nuclear  

localization of A3B and AID.        46 

Fig. 2-5. Both AID and A3B interact with members of the adaptor importin  

family.           48 

Fig. 2-6. A3B does not perform class switch recombination and AID does not  

restrict HIV-1.          49 

Fig. 2-S1. A3B-HA is localized to the nucleus.      51 

Fig. 2-S2. Single point mutants in the N-terminal domain of A3B do not affect  

its localization.          53 

Fig. 2-S3. A3B V54D-eGFP does not enter the nucleus after digitonin treatment. 54 

Fig. 2-S4. A3B restricts L1 transposition in a deaminase independent manner  

while AID is a poor restrictor.        55 

Fig. 3-1. A3A, A3C, and A3H are excluded from DNA as the chromosomes  

condense, but become cell-wide during telophase.     75 

Fig. 3-2. A3B, A3D, A3F, and A3G are excluded from DNA during cell division. 77 

Fig. 3-3. Untagged A3B and A3G are excluded from genomic DNA in the same  

manner as HA and eGFP tagged derivatives.      79 

Fig. 3-4. Localization of single domain variants of A3B, A3D, A3F, and A3G. 80 

Fig. 3-5. A3A, A3B, and A3H are active deaminases in G1 and S phase,  

while A3C is not active.        82 



 

 vii 

Fig. 3-6. APOBEC3 effects on cell cycle progression in HEK293T cells.  83 

Fig. 3-S1. Interphase localization of the single-domain APOBEC3 proteins  

and AID          84 

Fig. 3-S2. A3A-E72A, A3C, and A3H are excluded during anaphase and  

metaphase.           85 

Fig. 3-S3. Interphase localization of the double-domain APOBEC3-eGFP   

proteins.          86 

Fig. 3-S4. A3B, A3D, A3F, and A3G are excluded from DNA during  

metaphase and anaphase.        87 

Fig. 3-S5. Double domain HA tagged APOBEC3 proteins are excluded  

from telophase DNA.          88 

Fig. 3-S6. APOBEC3D does not shuttle through the CRM1 export pathway. 89 

Fig. 3-S7. Localization of A3C-A3C-eGFP.       90 

Fig. 3-S8. APOBEC3 effects on cell cycle progression in HeLa cells.  91 

Fig. 4-1. A3B up-regulation and activity in breast cancer cell lines.   116 

Fig. 4-2. A3B-dependent uracil lesions and mutations in breast cancer  

genomic DNA.          118 

Fig. 4-3. Cancer phenotypes triggered by inducing A3B over-expression.  120 

Fig. 4-4. A3B up-regulation and mutational signatures in breast tumors.  122 

Fig. 4-S1. Expression profiles for APOBEC family members in human cell  

lines and tissues.          124 

Fig. 4-S2. Full expression profiles for APOBEC family members in a panel of 

representative cell lines.         125 

Fig. 4-S3. A3B promoter region sequence analysis.     126 

Fig. 4-S4. Additional live and fixed breast cancer cell localization data.  127 

Fig. 4-S5. A3B is active in the nuclear protein fraction of multiple breast  

cancer cell lines.          129 

Fig. 4-S6. DNA deaminase activity in A3B-low cell types.    131 

Fig. 4-S7. Deaminase activity of HEK293T cell extracts with individual  

over-expressed A3 proteins.         132 



 

 viii 

Fig. 4-S8. Discovery data set - APOBEC family member expression profiles  

for 21 randomly selected sets of matched breast tumor and normal tissue.  133 

Fig. 4-S9. Microarray housekeeping gene comparisons.     135 

Fig. 4-S10. A3B local deamination preferences.      136 

Fig. 4-S11. C-to-T transition mutation contexts in vivo versus in vitro.   137 

Fig. 4-S12. DNA deamination model for A3B in cancer.    138 

Fig. 4-S13. A3B up-regulation and TP53 inactivations in the ATCC breast   

cancer cell line panel.          139 

Fig. 4-S14. Evidence for A3B up-regulation and genomic mutation in TCGA  

breast cancer data sets.          140 



 

 ix 

Abbreviations 

A, adenosine; AAV, Adeno-associated virus; ACF, APOBEC1 complementation factor; 

ADAT2, adenosine deaminase tRNA-specific; AID, activation induced cytosine 

deaminase; apoB mRNA, apolipoprotein B mRNA; APOBEC, apolipoprotein B mRNA 

editing enzyme, catalytic polypeptide-like; A3, APOBEC3; A3A-H, APOBEC3A-H; C, 

cytosine; CDA, cytidine deaminase; CTD, C-terminal domain; CTNNBL1, catenin B-like 

1; DSB, double-strand breaks; DNA, deoxyribonucleic acid; eGFP, enhanced green 

fluorescent protein; D, aspartic acid; G, guanosine; GANP, germinal center-associated 

nuclear protein; H2B, histone 2B; HERV-K, human endogenous retrovirus K; HBV, 

hepatitis B virus; HIV-1, human immunodeficiency virus, type 1; HTLV-1, Human T-cell 

leukemia virus type-1; I, inosine; kDa, kilodalton; lepB, leptomycin B; L1, LINE1, long 

interspersed elements; mRNA, messenger RNA; NHEJ, non-homologous end-joining; 

NTD, N-terminal domain; NES, nuclear export signal; NLS, nuclear localization signal; 

mRNA, messenger RNA; RNA, ribonucleic acid; SPT5, suppressor of Ty5 homolog; T, 

thymine; TadA, tRNA-specific adenosine deaminase; TRIB3, human homolog of 

Drosophila Tribbles 3; V, val, valine; Vif, viral infectivity factor  

 

  



 1 

 

Chapter 1 

Introduction



 

 2 

The zinc-dependent deaminases 

Genetic information provides the necessary data for life and is encoded by all 

organisms in the form of deoxyribonucleic acid (DNA). However, information is 

conveyed in the form of ribonucleic acid (RNA). DNA and RNA are both composed of 

four nucleotides: adenosine, cytidine, guanosine and thymidine in DNA and adenosine, 

cytidine, guanosine and uridine in RNA. In order to grow and reproduce, organisms must 

have sufficient nucleotide pools to make RNA and replicate their DNA. The zinc-

dependent cytidine deaminases (CDAs) control nucleotide pools by deaminating free 

cytidine to create uracil, the basic scaffold for further uridine and thymidine nucleotide 

synthesis as well as a substrate for degradation1-3 (Fig. 1-1A and B). CDAs are present 

across a wide variety of species, consistent with the broad requirement for DNA and 

RNA turnover in all organisms2,4.  

However, organisms have evolved additional related deaminases that deaminate 

cytosine or adenosine within a polynucleotide context, altering the information encoded 

by these nucleic acids. Some of the earliest of these enzymes belong to the TadA/ADAT2 

family and catalyze the deamination of adenosine within polynucleotide RNA4,5 (Fig. 1-

1C).  These proteins target and deaminate adenosines with the codon recognition region 

of transfer RNAs, expanding the recognition potential of these molecules4,6,7 (Fig. 1-1D). 

The apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) genes 

are thought to be derived from CDA and TadA/ADAT2 genes2,4,5. However, unlike CDAs 

and TadA/ADAT2 enzymes, APOBEC proteins do not deaminate free cytidine or 

adenosine in a polynucleotide context. Instead, in a combination of these functions, the 

APOBECs deaminate cytosine only within a polynucleotide (DNA or RNA) context 
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resulting in a change in informational content8-10. The rest of this introduction will focus 

on the APOBEC family members. 

 

AID: Founder of the APOBEC family and adaptive immunity 

The original APOBEC gene, activation induced cytosine deaminase (AID), can be 

traced to the ancestor of humans and cartilaginous fish nearly 550 million years ago, 

corresponding with an expanded antigen response11-16 (Fig 1-2). In all species, AID’s 

deaminase activity helps solve the problem of a limited number of immune recognition 

molecules in a world of nearly unlimited immunogens12,15. AID allows cells to change 

their antibody locus, which combined with clonal expansion, selects for highly specific 

antigen-binding immune molecules12,15,17.  

Studies of human AID have shown that it targets both the variable and constant 

regions of the antibody locus for deamination, leading to somatic hypermutation and 

class switch recombination18-20. In somatic hypermutation, diversity at the variable region 

is generated by unrepaired or improperly repaired AID-induced uracils, resulting in 

significant C-to-T transition mutations, as well as other repair-mediated transitions and 

transversions17,21 (Fig. 1-3A). In class switch recombination, uracils are converted to 

nicks and double-strand breaks, recombining through non-homologous end-joining 

(NHEJ) to merge a new constant region to the rest of the antibody gene17,21 (Fig. 1-3B). 

Individuals with defects in AID have severe immune disorders and do not undergo 

antibody maturation20,22,23.  
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While AID is clearly important for antibody maturation, its ability to deaminate 

genomic DNA may also lead to point mutations and translocations that contribute to 

cancer24-26. AID’s oncogenic activity is discussed further in Chapters 3-5. 

 

AID is regulated at both the mRNA and protein levels 

To prevent undesired genomic deamination, AID expression is carefully 

regulated. As expected for an adaptive immune gene, AID is primarily expressed in B-

cells and within the spleen19,27,28. Within B-cell lineages, AID mRNA is present only at 

low levels in immature B-cells, but induced through NFκB signaling in activated B-

cells29,30. Post-transcriptionally, the stability of AID mRNA is regulated by microRNA-

155 and microRNA-18131-34.  

AID is also regulated post-translationally through protein-protein interactions35. 

For example, it interacts with SPT5 (suppressor of Ty5 homolog), a protein associated 

with stalled RNA polymerase II, to guide it to the antibody locus and to off-target genes 

prone to deamination36-39. AID is also regulated by subcellular localization40 (see Chapter 

2). It contains a non-canonical active nuclear localization signal and enters the nucleus in 

a process that may be mediated by two additional interacting proteins – CTNNBL1 and 

GANP40,41. Interestingly, AID also has a nuclear export signal that functions through the 

CRM1 pathway and causes it to be cytoplasmic42-44 (Fig 1-3C). The functional 

importance of AID’s ability to shuttle between the cytoplasm and nucleus is unclear, but 

must be balanced between its role in antibody maturation and undesirable genomic 

deamination45.  
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APOBEC2 is conserved, but has unknown function 

APOBEC2 has been identified in bony fish, suggesting that APOBEC2 arose after 

AID but is still an early and conserved APOBEC gene (Fig. 1-2). Unlike AID, APOBEC2 

does not appear to have DNA cytosine deaminase activity10,46. It is, however, conserved 

and under purifying selection and appears to be involved in muscle biology, specifically 

in heart development, implying that is performs an important biological function47-52. 

Presently, the most important contribution of APOBEC2 to our understanding of the 

APOBEC family is the fact that it is relatively soluble and was the first APOBEC protein 

available for structural and oligomeric studies53,54.  

 

APOBEC1 is a RNA and DNA editor 

 APOBEC1 arose in the common ancestor of reptiles and mammals around 300 

million years ago55,56 (Fig. 1-2). Although thought to have originated from AID and 

appearing after APOBEC2, APOBEC1 was the first APOBEC to be scientifically 

discovered. It was identified as the editor of apolipoprotein B (apoB) mRNA, where it 

specifically targets cytosine 6666 to uracil, producing a premature stop codon and 

resulting in a different protein product with an impact on lipid metabolism8,9,57,58 (Fig 1-

4). APOBEC1 is targeted specifically to this residue in this mRNA through an interacting 

protein, ACF (APOBEC1 complementation factor), which contacts an anchoring 

sequence on the mRNA59-61. APOBEC1 is also responsible for additional RNA editing 

events, although the majority of these are non-coding62,63. Mice null for APOBEC1 are 
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missing apoB mRNA and other mRNA editing events and have altered subtly lipid 

metabolism63-65.  

Interestingly, APOBEC1 is a strong, single-strand, DNA cytosine deaminase10,66. 

In fact, reptilian APOBEC1 does not appear to have a role in editing mRNA and entirely 

lack apoB mRNA, implying that RNA-editing activity may have been a later acquisition 

and DNA-editing is the more ancestral trait55. Several mammalian APOBEC1s, but not 

human APOBEC1, can deaminate and restrict some retroelements, including both 

retrotransposons and retroviruses67-69. APOBEC1 is a versatile enzyme with roles in both 

RNA and DNA deamination. 

 

APOBEC1 regulation 

Like AID, expression of APOBEC1 is controlled transcriptionally. Human 

APOBEC1 mRNA is primarily expressed in the small intestine where the majority of 

apoB mRNA editing occurs8,70,71. In rodents, APOBEC1 is expressed in both the small 

intestine and the liver, where three distinct promoters control developmental, hormonal 

and nutritional expression levels72-74. Protein interactions govern the targeting of 

APOBEC1, as it requires ACF to recognize and bind apoB mRNA59,60. Similar to AID, 

the subcellular localization of APOBEC1 is also regulated. APOBEC1 functions in the 

nucleus, where it edits spliced apoB mRNA transcripts74,75, but APOBEC1 is actively 

exported out of the nucleus and into the cytoplasm76-78. APOBEC1 is actively imported 

into the nuclear compartment, but it is not clear whether APOBEC1 or ACF controls 

localization61,78. The role of ACF or other APOBEC1-interactors in DNA deamination 

and retroelement restriction is unclear. 
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APOBEC3s restrict lentiviruses 

The dramatic expansion of APOBEC3 genes began in early placental mammals 

nearly 100 million years ago with the duplication of an ancestral AID gene, resulting in 

primates with seven distinct APOBEC3s2,5,56,79,80 (Fig. 1-2). While APOBEC1, and to a 

minor extent AID, have been implicated in retroelement restriction67,68,81,82, evidence 

suggests that the APOBEC3 proteins truly excel in this arena83,84. For example, human 

APOBEC3F (A3F) and APOBEC3G (A3G) can inhibit human immunodeficiency virus 

type-1 (HIV-1) infection by targeting the HIV-1 genome for cytosine deamination during 

reverse transcription85-89 (Fig. 1-5A). Deaminase-independent inhibitory mechanisms 

may play a role in A3G and A3F restriction of HIV-1, although these effects are 

relatively minor in comparison to the level of restriction by the fully active 

enzymes83,90,91. HIV-1 encodes the viral infectivity factor (Vif), which targets many of 

the APOBEC3 proteins, including A3F and A3G, for proteasome degradation86-89,92-95. 

Other human APOBEC3 proteins have been implicated in HIV-1 restriction, including 

APOBEC3D (A3D) and APOBEC3H (A3H), but there is less consensus on their role in 

human infections83,96,97. APOBEC3 proteins in other species also inhibit the replication of 

their respective lentiviruses, with some cross inhibition between species98 (e.g., human 

A3G and cat A3Z2-Z3 both restrict feline leukemia virus99,100).  

 

APOBEC3s affect other viruses including HBV, HTLV-1 and AAV 
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Human APOBEC3s restrict additional DNA-based viruses outside of the lentiviral 

family. Human T-cell leukemia virus type-1 (HTLV-1) is a retrovirus with a lifecycle 

similar to HIV-1, where its RNA genome must undergo reverse transcription into DNA 

for subsequent production of viral mRNAs and progeny RNA genomes. This similarity to 

HIV-1 makes restriction by APOBEC3 proteins unsurprising. APOBEC3A (A3A), A3B 

and A3G (and potentially other APOBEC proteins) have been shown to restrict HTLV-1 

in cell culture infectivity assays and APOBEC3 mutational signatures have been 

identified in patient HTLV-1 isolates101-103. More surprising is the restriction of hepatitis 

B virus (HBV) by the APOBEC3 proteins. HBV and other hepadnaviruses have a 

partially double-stranded DNA genome that replicates through an RNA intermediate. 

This dependency on reverse transcription, as well as reports of hypermutated HBV 

isolates, led to experiments showing that A3B, APOBEC3C (A3C), A3F and A3G can 

inhibit HBV through both deaminase dependent and independent mechanisms104,105. 

Adeno-associated virus (AAV) belongs to the parvovirus family, which does not pass 

through a RNA intermediate. Instead AAV has a single-stranded DNA genome making it 

a potential substrate for single-stranded DNA deaminating enzymes. A3A has been 

shown to inhibit the replication of AAV, although no other APOBEC3 proteins appear to 

have an effect on AAV replication106,107. Various members of the APOBEC3 family have 

been reported to restrict other viruses as well, including human papillomavirus, Epstein-

Barr virus, respiratory syncytial virus and others84,108. 
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APOBEC3s have a role in retrotranposon inhibition 

Retrotransposons are essentially retroviruses that are integrated into the host 

genome. Rather than replicate and infect other cells, they re-infect the host cell. 

Proportionally, the human genome is composed of nearly 50% active or degraded 

retrotransposons109. Retrotransposons produce their genomes as RNA and undergo 

reverse transcription, providing an opportunity for APOBEC3 restriction (Fig. 1-5A). 

There have been many reports demonstrating that the majority of APOBEC3s can inhibit 

endogenous retroviruses, including human endogenous retrovirus K (HERV-K), murine 

IAP and yeast Ty1, as well as the non-LTR retrotransposons, including LINE and SINE 

elements67,106,110-125.  

The conclusion that the APOBEC3s inhibit retrotransposition comes with the 

caveat that studying such repression in mammalian cell lines requires transient and 

abnormal expression of retrotransposon genomes because retrotransposition is a 

stochastic and slow process (an estimated 1-2 transpositions every generation)108,126,127. 

Several APOBEC3 proteins are able to restrict foreign DNA that enters the cell, including 

the plasmids used for the majority of these retrotransposition assays128. Nevertheless, 

simple plasmid restriction cannot explain A3F’s ability to inhibit LINE1 

retrotransposition in a deaminase independent manner114,128. Furthermore, the positive 

selection of the APOBEC family is evident long before the arrival of lentiviruses, 

implying a formative role by an unknown retroelement47,79,129,130. Thus, a role for the 

APOBEC3 proteins in retrotransposon restriction is likely, although it is not presently 

well-defined84.  
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The mechanism that targets the APOBEC3 proteins to viral or retrotransposon 

sequences for DNA deamination is not known. APOBEC3s could theoretically deaminate 

genomic DNA just as easily, although prior to this thesis work only A3A had 

demonstrated this ability, and only with ectopic expression131-133. AID is different story 

and is discussed in detail in Chapter 5. The ability of other APOBEC3 proteins to 

deaminate genomic DNA and the link between deamination and cancer is discussed 

further in Chapters 3 and 4. 

 

Transcriptional regulation of the APOBEC3 genes 

 In humans, mRNA expression profiles of the APOBEC genes vary by gene and 

tissue. For example, A3G and A3F mRNAs are present in a broad variety of tissues, but 

are evident in CD4+ T cells and the thymus and spleen, consistent with their role in HIV-

1 restriction, while A3H is poorly detected in most tissues with the exception of the lung 

and thymus134,135. In addition to tissue specific regulation the APOBEC3s can be induced 

by a variety of cellular signals, such as interferon. For instance, expression of A3A 

changes dramatically in myleloid cells, where mRNA levels change by more than 1000-

fold in a matter of hours97,128,136. The expression of several APOBEC3 genes cannot be 

clearly linked to a particular tissue type, including A3B and A3D134. However, as 

demonstrated by A3A, the APOBEC3 genes have the capacity for sudden and specific 

induction, making it possible that we have not looked yet at the exact cell type under the 

appropriate circumstances. Even with these limitations, tissue specific expression can be 

very helpful. For example, one of our first clues that A3B might be involved in breast 

cancer genomic mutations was its high expression in breast cancer lines71 (Chapter 4). 
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Interestingly, several studies suggest high levels of APOBEC3 expression in the germline 

tissues, the ovaries and testis, suggesting a role for APOBEC3 there115,137-139.  

 

APOBEC3 protein interactors 

 The targeting of AID and APOBEC1 to specific substrates is affected by protein 

interactors36-39,59,60. In contrast, no proteins important for APOBEC3 function have been 

identified. Instead, identified interactors include a plethora of RNA-binding proteins, 

including hnRNP proteins140-147. For example, hnRNP K interacts with A3B and may 

have a general effect on promoter expression140. In addition, A3G and A3F reproducibly 

interact with MOV10, AGO2 and many others, which may indicate an unknown role for 

the APOBEC3s in RNA biology or serve as a means to sequester APOBEC3 activity141-

147. Thus far, none of these protein interactors have been shown to impact APOBEC3 

deaminase activity or yielded a clear functional result. However, the well-known ACF 

(an APOBEC1-interactor) is an hnRNP R protein, lending hope that these candidate 

proteins are important interactors in the proper context74. There are also examples of 

APOBEC3 interactors outside of the RNA-binding proteins. Recently, TRIB3 (human 

homolog of Drosophila Tribbles 3) was identified as an A3A interactor, and it may have 

a role in protecting the genome from A3A-mediated deamination and subsequent DNA 

damage148.  

 

Subcellular localization of the APOBEC proteins 

 Unlike AID and APOBEC1, none of the APOBEC3 proteins have demonstrated 

shuttling activity149,150. Instead, the APOBEC3 proteins can be divided into cell-wide, 
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nuclear and cytoplasmic categories. The cell-wide proteins include the smaller 

deaminases A3A and A3C96,106,111,115,119,120,151-153 (Fig. 1-5B). Also technically in this 

group is A3H, however, to complicate this matter there are at least seven human isoforms 

of A3H111,119,122,139,154. A3H haplotype II is one of the more stable and active isoforms of 

A3H and is present in the cytoplasm and the nucleoli96,122,139,154 (Fig. 1-5B, arrow). A3B 

is the only prominently nuclear APOBEC3 protein, an observation important for 

understanding its role in genomic deamination96,111,115,117,119,150,151,153,155,156 (Fig. 1-5B, 

arrow). The other APOBEC3 proteins (A3D, A3G and A3F) are cytoplasmic and, 

interestingly, the APOBEC family members favored as most important for physiological 

HIV-1 restriction87,96,97,111,115,117,119,120,143,144,149-151,153,155,157 (Fig. 1-5B).  

This thesis is predicated on the hypothesis that only deaminases with access to 

genomic DNA would have the potential to cause mutations in genomic DNA. Here I 

describe the nuclear localization and active nuclear import activity of A3B (Chapter 2) as 

well as the ability of the APOBEC3 proteins to access genomic DNA during nuclear 

envelope breakdown during cell division (Chapter 3). I also present data correlating the 

localization of the APOBEC3 proteins with their ability to deaminate genomic DNA 

(Chapter 3). I then describe how A3B is capable of deaminating and mutating the human 

genome in breast cancer (Chapter 4). Finally, I relate this information back to its broader 

significance for our understanding of APOBEC3 activity and regulation as well as 

broader human health relating in genomic mutations and cancer (Chapter 5). 
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Figure 1-1. Reaction and functions catalyzed by the cytidine deaminase and 

TadA/ADAT2 families. (A) Cytidine deaminases (CDAs) catalyze the deamination of 

free cytidine (C) in RNA or DNA to produce uridine (U). (B) Selected aspects of cytidine 

and uridine in human biology. Uridine is an important precursor for DNA and RNA 

pyrimidines as well as a substrate for degradation (based on information from3). (C) 

TadA/ADAT2 enzymes catalyze the deamination of adenosine (A) within RNA into 

inosine (I). (D) Deamination of adenosine changes the base recognition of tRNA 

molecules. In addition to thymidine (T), inosine also recognizes guanosine (G) and 

adenosine (A), expanding the specificity of this tRNA to multiple codons. 
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Figure 1-2. Evolutionary tree with the APOBEC repertoire indicated for each 

organism. AID has been sequenced from the lamprey, implying that AID existed in 

common ancestor of early vertebrates around 540 million years ago. APOBEC2 can be 

identified in pufferfish and other bony fish that arose 420 million years ago, as well as all 

species to date. APOBEC1 has been sequenced in lizards and birds and mammals, 

although not in chickens. APOBEC4 appears in the same general time-frame and can be 

sequenced from chickens and mammals. The APOBEC3 genes are specific to placental 

mammals and have undergone complex expansions and deletions in different species. 

Dates for species divergence are based on16,56,158 and sequences for the APOBEC genes 

are based on2,4,5,11-15,55,79,80,99,159-161. 
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Figure 1-3. Activity and localization of AID. (A) AID deaminates cytosine in the 

variable region, creating uracils within DNA. U:G mismatches are recognized by 

mismatch and base excision repair proteins (MSH2 and UNG are shown). In combination 

with other repair enzymes (like EXO1, APE1 and APE2) as well as error-prone or 

translesion polymerases (such as POLη and REV1), the original cytosines and the 

surrounding bases can be mutated to create diversity in the variable region. Additional 

details are available in Di Noia, et al.17. (B) AID deaminates cytosines within the switch 

(S) regions upstream of joint constant (C) regions in a transcription dependent manner. 

The high proportion of AID motifs within the S regions produces uracils on both strands 

in close proximity. Repair of these uracils leads to double-strand DNA breaks (DSBs). 

These DSBs can be repaired through classical or alternative NHEJ, bringing a new 

constant region close to the V(D)J region and resulting in an antibody with different 

attributes. Additional details are available in Xu, et al.162. In this simplified representation 

the antibody locus rearranges to replace the constant region encoding IgM to the region 
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encoding IgA. (C) The C-terminus of AID contains a nuclear export signal and is 

essential for nuclear export and class switch recombination. Representative images of 

HeLa cells expressing AID-eGFP or AIDΔNES-eGFP, which has a deletion removing the 

nuclear export signal, are shown with the nucleus indicated by Hoechst staining (DAPI).  

Similar nuclear accumulation is seen in AID expressing leptomycin B treated cells, 

implicating the CRM1 export pathway40. 
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Figure 1-4. RNA-editing activity of APOBEC1. APOBEC1 deaminates cytosine 6666 

in apoB mRNA for cytosine deamination. The resulting uracil creates a pre-mature stop 

codon, which translates to a shorter protein product (apoB48 compared to apoB100). 

These protein products have different functions in lipid metabolism. Additional details 

available in163.  
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Figure 1-5. Activity and localization of the APOBEC3 proteins. (A) Retroelement 

replication showing an exogenous virus entering the cell (1) and using reverse 

transcriptase (RT) to convert its RNA genome into single-stranded DNA (2). This is a 

substrate for APOBEC3, which deaminates cytosine to uracil (3). These uracils can be 

replicated to create C/T to G/A mutations or can cause the degradation of the viral 

genome. Hypermutated genomes can be integrated (4) and may produce new viral 

particles and continue the infectious cycle (5) or may be inactive due to APOBEC3 

mutagenesis. Endogenous retrotransposons replicate through an RNA intermediate (6), 
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but are thought to form viral-like particles in the cytoplasm (7) and proceed through 

similar RT and APOBEC3 susceptible stages (2-4). This schematic is based on 

retroelement restriction in MacDuff, et al.164 (B) Images from HeLa cells expressing each 

of the seven members of the APOBEC3-eGFP proteins (unpublished data). These 

enzymes are cell-wide (A3A, A3C, A3H), nuclear (A3B, white arrow) or cytoplasmic 

(A3D, A3F, A3G). P-bodies are characteristic of A3F and A3G expression (A3G, white 

arrow). A3H haplotype II appears in the cytoplasmic and nucleolar compartments (A3H, 

white arrow). The nuclei are indicated below with Hoechst staining. 
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Chapter 2 

APOBEC3B and AID have similar nuclear import mechanisms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is reprinted with permission from Lackey, L., Demorest, Z. L., Land, A. M., 

Hultquist, J. F., Brown, W. L. & Harris, R. S. (2012). J Mol Biol 419, 301-14. 
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Foreword 

 While several of the smaller members of the APOBEC3 subfamily are cell-wide 

and have access to the nuclear compartment, only one protein is specifically nuclear by 

fluorescence microscopy – A3B96,111,115,117,119,150,151,153,155,156. Prior work reasoned that 

A3B must be actively imported because it approaches the limit for passive diffusion 115. 

However, since A3B is so close to this limit (45.9 vs 50 kDa limit) and shape plays an 

important role in passage through the nuclear pore, we felt that this assumption should be 

tested165. In addition, prior to this study, AID had been shown to have active nuclear 

import41. We were intrigued by the idea that A3B might be actively imported in the same 

way as AID, since these proteins are evolutionarily related2,4,5. Here we demonstrate 

active nuclear import of A3B and differential functions of A3B and AID.  

 
Contributions 

I imaged and analyzed AID and A3B in HEK293T, HeLa and other cell lines. I 

performed the digitonin permeabilitization experiments and time-lapse microscopy that 

showed active nuclear import of A3B. ZLD and I performed the co-immunoprecipitation 

with adaptor importin proteins. ZLD identified the mislocalizing AID point mutant and I 

identified the A3B point mutant and imaged and analyzed both. JFH performed the 

single-cycle HIV-1 infection assay and western blots. I imaged the HIV-1 infected and 

APOBEC3 expressing cells. I performed the LINE1 inhibition assay. RSH contributed to 

experimental design and editing of the manuscript.  
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Summary  

Members of the APOBEC protein family catalyze DNA cytosine deamination and 

underpin a variety of immune defenses. For instance, several family members, including 

APOBEC3B, elicit strong retrotransposon and retrovirus restriction activities. However, 

unlike the other proteins, APOBEC3B is the only family member with steady-state 

nuclear localization. Here we show that APOBEC3B nuclear import is an active process 

requiring at least one amino acid (Val54) within an N-terminal motif analogous to the 

nuclear localization determinant of the antibody gene diversification enzyme AID. 

Mechanistic conservation with AID is further suggested by APOBEC3B’s capacity to 

interact with the same subset of importin proteins. Despite these mechanistic similarities, 

enforced APOBEC3B expression cannot substitute for AID-dependent antibody gene 

diversification by class switch recombination. Regulatory differences between 

APOBEC3B and AID are also visible during cell cycle progression. Our studies suggest 

that the present day APOBEC3B enzyme retained the nuclear import mechanism of an 

ancestral AID protein during the expansion of the APOBEC3 locus in primates. Our 

studies also highlight the likelihood that, after nuclear import, specialized mechanisms 

exist to guide these enzymes to their respective physiological substrates and prevent 

gratuitous chromosomal DNA damage. 
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Introduction 

Human cells can express up to eleven distinct polynucleotide cytosine deaminases 

(reviewed in5,161). AID, APOBEC1, A3A, A3B, A3C, A3D, A3F, A3G, and A3H have 

demonstrated DNA deaminase activity in one or more biochemical or biological assays 

(reviewed in5). Two other family members, APOBEC2 and APOBEC4, do not appear to 

have DNA editing activity48,51,159. Genomic cytosine to uracil deamination is potentially 

dangerous because uracil lesions can template the insertion of adenines and cause C/G-to-

T/A transition mutations and, depending on DNA repair fidelity, other types of base 

substitutions, DNA breaks, and larger-scale chromosome aberrations (reviewed 

in25,26,166). 

AID is arguably the most ancient family member because all vertebrates use it for 

adaptive immunity through antibody gene diversification (reviewed in5,17,167) (Fig. 2-1A). 

APOBEC1 appears to have evolved more recently, most likely from the duplication of an 

ancestral AID gene prior to the split of species such as birds and lizards from the 

vertebrate phylogenetic tree2,55 (Fig. 2-1A). In most species, the AID and APOBEC1 

genes are located adjacent to one another on the same chromosome. Current models posit 

that these genes provided the substrate to root the APOBEC3 locus prior to the radiation 

of placental mammals, most likely by another ancestral gene duplication event79,168 (Fig. 

2-1A). Thus, despite this considerable evolutionary gap, their common origin suggests 

that some present day APOBEC3 protein activities and/or regulatory programs may still 

be conserved with those of AID (in addition to their shared DNA deaminase activity). 

Indeed, we and others have seen that localization through CRM1 mediated nuclear export 

is a conserved property of AID from a variety of different species14,42,169-171 (Fig. 2-1B). 
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The physiological functions of AID in antibody diversification and APOBEC1 in 

APOB mRNA editing necessitate the transport of these enzymes to the nuclear 

compartment (reviewed in5,163). Despite <30 kDa protein sizes, which should allow for 

passive diffusion through nuclear pores, both enzymes are imported actively41,77,172. At 

least for AID, import is accomplished through a non-canonical nuclear localization signal 

(NLS) interacting with the adaptor importins α1, α3, and α5 in concert with the import 

factor β141. AID import may also be affected by interactions with other proteins such as 

GANP and CTNNBL1 (reviewed in35). Similarly, APOBEC1 binds with at least one 

other cellular protein, ACF, to enter the nuclear compartment and access APOB mRNA 

substrates8,9,78,173. However, at steady state, both AID and APOBEC1 appear cytoplasmic 

due to a strong C-terminal leucine-rich nuclear export signal (NES)42,44,169. This NES 

directs export through the CRM1 pathway, which can be blocked by incubating cells with 

leptomycin B (lepB) (Fig. 2-1B)174.  

Curiously, A3B is the only human DNA deaminase family member with an 

apparent steady-state nuclear localization111,115. This property is also evident in rhesus 

macaque A3B96. Although human A3B has a putative positively charged NLS spanning 

residues 206-212, mutagenesis studies showed that these residues are dispensable150. 

However, individual domain as well as A3B/G chimera analyses were able to implicate 

an N-terminal region spanning residues 1-60 in nuclear import115,150,156.  

Here we find that A3B actively imports into the nucleus through a non-canonical 

N-terminal NLS within the same region as the non-canonical NLS of AID. Additionally, 

both A3B and AID interact with adaptor importin proteins. Despite previous work 

showing that these enzymes can both inhibit retrotransposon replication111,114, other 
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aspects of the regulation and function of A3B and AID have clearly bifurcated. For 

instance, we show that A3B and AID localize differently during mitosis. In addition, 

over-expression of A3B in primary B-cells does not confer an ability to perform class 

switch recombination, and, unlike A3B, AID demonstrates little or no ability to restrict 

HIV-1 replication in single-cycle infectivity assays. Since A3B appears to have 

constitutive access to genomic DNA, and it is actively shuttled to the nuclear 

compartment, understanding additional levels of A3B regulation will be important for 

determining whether in certain circumstances it is able, like AID, to mutate genomic 

DNA and contribute to carcinogenesis. 

 

Results 
 

Relationship between A3B and AID 

Consistent with a prior report41, we noticed that AID-eGFP has an import delay in 

HEK293T cells compared to HeLa cells after lepB treatment (see 15 minutes time-point 

in Fig. 2-1C). Similarly, we noticed less nuclear A3B-eGFP in HEK293T in comparison 

to HeLa cells, an average of 60% vs 70% of measurable fluorescent signal, respectively 

(Fig. 2-1D). A3B-eGFP displayed a HeLa-like nuclear concentration in a wide variety of 

other cell types (e.g., Fig 2-1E and additional data not shown). This activity was 

independent of the epitope tag and imaging procedure, as similar results were obtained 

for A3B-HA in fixed cells (Fig. 2-S1). These observations suggested that HEK293T cells 

have an import defect and provided correlative support for the hypothesis that A3B and 

AID share a common import mechanism. 
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A3B is actively imported into the nucleus of plasma membrane-permeabilized cells 

The nuclear pore complex (NPC) allows objects smaller than 50 kDa to enter into 

the nucleus via passive diffusion, but passage is also influenced strongly by protein 

shape175,176. Native A3B is approximately 45.9 kDa, but the GFP tag brings the total mass 

to approximately 70 kDa. Since we see A3B-eGFP in the nuclear compartment, we 

would predict A3B to enter the nucleus through active import. However, occasionally 

proteins larger than 50 kDa are able to enter the nucleus through passive transport177. To 

address this possibility, we used a permeabilization assay in which the detergent digitonin 

permeabilizes the plasma membrane while leaving the nuclear membrane and pores 

intact177,178. Then, the original cytoplasm is washed away and the cellular import 

machinery can be added back with the addition of any cargos, such as a fluorescently 

tagged protein of interest. 

Using this assay, we found that full-length A3B-eGFP is imported within 20-30 

minutes into the nuclear compartment, as is the N-terminal half of the protein (A3B 

NTD-eGFP) (Fig. 2-2A, quantified in 2-2B). In contrast, APOBEC3A-eGFP and eGFP, 

which are cell-wide106,115,  were only found in nuclei at very low levels (barely 

distinguishable from non-fluorescent HeLa lysate) consistent with a passive diffusion 

mechanism (Fig. 2-2A and B). As a positive control, fusing the SV40 NLS178,179 to 

APOBEC3A-eGFP allowed the protein to concentrate in the nucleus (Fig. 2-2A and B). 

These data demonstrate an active nuclear import mechanism for A3B-eGFP. 

 

A3B and AID localize differently during the cell cycle 
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Human cells undergo open mitosis with nuclear envelope breakdown during 

prophase and reformation after telophase. We hypothesized that both A3B-mCherry and 

AID-mCherry would become cell wide upon breakdown of the nuclear envelope and 

return to their respective subcellular locations after telophase. Cell-wide proteins with no 

regulatory signals, such as mCherry, are cell-wide throughout the cell cycle, but excluded 

from condensed chromosomes. In comparison, histone2B-eGFP (H2B-eGFP) elicits the 

expected strong but broad nuclear localization during G1 and a concentrated 

chromosomal distribution through mitosis (Fig. 2-3A and Movies 1-4).  

Interestingly, during mitosis, although A3B-mCherry appears to shift as expected 

to a more cell-wide localization, it also seems to be excluded from metaphase 

chromosomes marked by H2B-eGFP. However, this localization phenotype only persists 

until ~10 minutes after telophase when A3B-mCherry rapidly (~20-30 minutes) returns to 

its characteristic nuclear localization (Fig. 2-3B and Movies 5-8). This rapid re-entry is 

further consistent with an active import mechanism. These data also demonstrate that 

A3B is not becoming trapped (and retained) with nuclear constituents as the nuclear 

membrane reforms after mitosis. AID-mCherry also shifts as expected to a more cell-

wide localization at the early stages of mitosis. However, in contrast to A3B-mCherry, it 

appears to co-localize with H2B-eGFP labeled DNA during anaphase and telophase, and 

it remains concentrated there for ~20 minutes before rapidly shuttling to the cytoplasm 

(compare 24-32 minute images in Fig. 2-3C and Movies 9-12). These data support the 

conclusion that A3B is imported actively, and they also provide new visual evidence for 

differential regulation of A3B and AID during the cell cycle.  
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APOBEC3B and AID depend on the same predicted β2 region for nuclear import 

Active nuclear import implies the existence of an NLS that directly or indirectly 

binds an importin. AID, APOBEC1, and A3B have putative classical localization signals 

that have been shown to be irrelevant for localization (although the putative NLS in AID 

is more controversial), implying that the localization determinant for each of these 

enzymes is non-classical or indirect41,42,150,169,172,180. Since the initial 60 residues are 

responsible for the nuclear localization of A3B150, we mutated residues in this region to 

those of the related, but cytoplasmic, A3G protein. However, no single mutational swap 

affected the localization of A3B NTD-eGFP (Fig. 2-S2).  

Our second strategy for identifying residues involved in A3B nuclear import was 

through comparison with AID. Amino acids 40-53 of AID have been implicated in 

nuclear import41. Focusing on the homologous region in A3B, we discovered that the 

single amino acid substitution mutant, valine (V) 54 to aspartic acid (D), caused full-

length A3B-eGFP to become cell-wide (Fig. 2-4A). Mutation of A3B V54 to D also 

diminished the nuclear import of full-length A3B-eGFP in the digitonin import assay 

(Fig. 2-S3). The homologous residue in AID, tyrosine 48, when mutated to histidine, 

modestly decreased the efficiency of nuclear import (Fig. 2-4B). This region of AID was 

predicted to form a β-strand (β2) when modeled using the recent A3G catalytic domain 

structure (pdb 3IR2)181-183 (Fig. 2-4C). Modeling of A3B using the same methodology 

predicted a similar β2 region on the external surface of the protein (Fig. 2-4C). The 

residue identified in A3B is consistent with previous reports on the importance of the N-

terminal region for nuclear localization of A3B115,150 and complements what we know 
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about the localization of AID. We conclude that the same structured region of AID and 

A3B, despite differences in primary amino acid sequence, is involved in nuclear import. 

 

APOBEC3B can interact with the adaptor importins α1, α3 and α5 

The classical pathway for nuclear import is driven by adaptor import proteins 

(reviewed in175,184-186). These proteins interact with the NLS as well as with karyopherin 

(importin β1) and the entire complex crosses through the nuclear pore using a GTP 

energy gradient. Because AID has been reported to interact with three of the adaptor 

importins, we tested these known interactors for interaction with A3B, with the 

hypothesis that A3B might have the same binding preferences. Indeed, pull-down 

experiments with GST-tagged adaptor importins indicate that A3B can also interact with 

importin α1, α3 and α5 (Fig. 2-5). As expected based on the localization defect 

described above, A3B V54D weakened these interactions (Fig. 2-5). As previously 

reported41, wild-type AID bound these same importins, but we were surprised to find that 

AID Y48H bound more strongly (Fig. 2-5). It is possible that the differential impact of 

the single amino acid substitution mutations may relate to interaction strength, with an 

optimal intermediate affinity being required for import and higher or lower affinities 

compromising this process. Nevertheless, despite this incongruence, these results show 

that both AID and A3B can form complexes with adaptor importins α1, α3 and/or α5.  

 

AID and A3B are functionally divergent for class switch recombination and HIV 

restriction 
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Since AID performs its predominant physiological function in the nucleus, we 

asked whether A3B could substitute for AID in promoting class switch recombination. 

Specifically, we tested whether AID-deficient mouse B-cells, which are unable to switch 

antibody type, could be supplemented with A3B and convert from IgM to IgG18. In this 

assay, only the positive control, catalytically active AID, was able to affect the switch 

from IgM to IgG (Fig. 2-6A). Catalytically inactive AID (T27E), wild-type A3B and 

catalytically inactive A3B (E255Q) were all unable to promote isotype switching (Fig. 2-

6A). We conclude that A3B’s ability to enter the nucleus, even via a similar pathway as 

AID, does not enable it to perform class switch recombination.  

To do the reciprocal experiment, we asked whether AID has the capacity to 

restrict HIV-1.  AID has been previously tested for the capacity to restrict HIV187,188, but 

not in a dose-response study in which expression levels range. In comparison to A3B and 

A3G, which strongly restrict Vif-deficient HIV-1 in single-cycle infection assays, AID 

showed little activity despite having the capacity to package into viral particles (Fig. 2-

6B and C). At low expression levels the catalytic glutamate of A3G (E259) was required, 

consistent with prior work189 (reviewed in190), whereas the analogous residue in A3B 

(E255) was only partly required (consistent with the latter enzyme having two active 

sites191). We also found that AID was a poor LINE1 (L1) inhibitor in comparison to A3B 

(Fig. 2-S4). We conclude that AID does not possess a strong capacity to restrict Vif-

deficient HIV-1 or L1, but note that this does not exclude it from possible roles in 

restricting the replication of other types of retroelement substrates, as suggested 

previously81,164,192. 

One prior report indicated that HIV-1 infection, and specifically expression of the 
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viral protein Vif, caused re-localization of several APOBEC3 proteins, including A3B151. 

In a reconstruction experiment, we infected A3B- or A3G-mCherry expressing cells with 

replication competent HIVLAI (Nef replaced by eGFP). No changes in localization were 

observed for mCherry, A3G-mCherry, or A3B-mCherry in HIV-1 infected (GFP-

positive) cells (Fig. 2-6D and data not shown). Thus, HIV-1 does not appear to grossly 

alter the localization phenotypes described here, and we cannot readily explain why our 

studies diverge from the prior report that tried to address this question.  

 

Discussion 

AID is a well-studied enzyme with important functions in the adaptive immune 

response. A3B has not been as extensively studied because it is specific to primates (there 

are no exact homologs of any specific APOBEC3 in mice161), and it is more difficult to 

work with (it is lethal to E. coli117). To address the hypothesis that A3B and AID are 

regulated in the same way, we confirmed that A3B is generally nuclear, and we extended 

present knowledge by showing that A3B is actively imported into the nucleus through a 

predicted β2 region and that it has the capacity to interact with importins α1, α3, and α5. 

Why A3B is targeted specifically and constitutively to the nucleus is an avenue of current 

research.  

While human AID mutations result in severe immune deficiencies 20,22,23, A3B is 

deleted in certain global populations with no obvious phenotypes (e.g., ~93% of 

Polynesians harbor homozygous A3B deletion alleles193). It is not surprising to find that 

A3B was unable to perform class switch recombination in AID deficient murine B-cells. 

However, this was somewhat disappointing because we could envisage that forced 
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expression of A3B in B-cells might have resulted in some lesions in the antibody locus 

that allow for class switch recombination. The inability of A3B to perform class switch 

recombination echoes the failure of APOBEC1 to perform class switch recombination in 

AID-deficient B-cells194,195 and it is unlikely that any family member, apart from AID 

itself, will have this capability.  

We also found evidence for differential regulation of A3B and AID during the 

cell cycle. While A3B does not associate with H2B-labeled DNA during mitosis 

(particularly in late telophase), AID is cell-wide during division and appears to 

concentrate transiently with H2B-labeled DNA shortly after telophase and before being 

re-exported. We propose that A3B and AID interact with different proteins during 

mitosis. Several interactors of AID7,41,196-198 and A3B140,199 have been reported and one or 

more these proteins may contribute to the new localization phenotypes described here 

(Fig. 2-3 and Movies 1-12). In conclusion, our studies have demonstrated several 

similarities between A3B and AID with respect to nuclear import, but they have also 

highlighted several differences in regulation and function. Understanding the regulation 

of A3B, including its subcellular localization, is important for knowing how the cell 

regulates A3B’s cytosine deaminase activity - either for its benefit or detriment.  

 

 

 

Materials and Methods 

 

Constructs 
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Several constructs used in this paper have been reported previously including A3B-eGFP, 

N-terminal A3B-eGFP, AID-eGFP, zebrafish AID-eGFP, and MLV AID viral constructs 

81,96,150,200. The pmCherry vectors used for time-lapse microscopy and the HIV 

localization experiment are direct derivatives of these constructs. The eGFP-tagged 

histone2B construct was a gift from J. Mueller. The GST-tagged importin α1, α3 and α5 

constructs were gifts from J. Di Noia lab41. The HIVLAI nef::eGFP construct was a gift 

from M. Stevenson. The A3A NLS construct was made with an NLS encoding primer set 

that annealed to create a BsrGI site. This double-stranded oligo was inserted into the 

BsrGI site at the 3’ end the GFP gene of A3A-GFP (Fwd 5’-

GTACAAGGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAA

AGGTAGATCCAAAAAAGAAGAGAAAGGTACT-3’ and Rev 5’- 

GTACAGTACCTTTCTCTTCTTTTTTGGATCTACCTTTCTCTTCTTTTTTGGATCT

ACCTTTCTCTTCTTTTTTGGATCCTT-3’). Site-directed mutagenesis was used to 

create Y48H in AID and V54D in A3B. (A3B V54D Fwd 5’- 

TGGGACACAGGGGACTTTCGAGGCCAG-3’ and Rev 5’- 

CTGGCCTCGAAAGTCCCCTGTGTCCCA-3’) (AID Y48H Fwd 5’- 

CTGGACTTTGGTCATCTTCGCAATAAG-3’ and Rev 5’- 

CTTATTGCGAAGATGACCAAAGTCCAG-3’). The A3B transducing virus was 

inserted into the AID MLV transducing virus backbone containing an IRES GFP and 

MLV long terminal repeats, but because A3B restricts production of its own virus, its 

coding sequence was disrupted with an inverted β-globin intron just before the second 

catalytic site (Fwd 5’- NNNNGTCGACATGAATCCACAGATCAGAA-3’ and Rev 5’- 

CCTTCTTCTCTTTCCTACAGGACCCAGGTGCCATTGTCC -3’, Fwd 5’- 
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CTGTAGGAAAGAGAAGAA-3’, Rev 5’- 

GCCCATGTGCTGGTCCATCAGGTGAGTTTGGGGACCCTTG-3’ and Fwd 5’- 

GGGCTTTCTATGCAACGAGGCTAAGAATCTTCTCTG -3’, Rev 5’- 

NNNNACGCGTCTACTTGTACAGCTCGTCCAT-3’). The catalytic mutant was made 

by site-directed mutagenesis (Fwd 5’- GCCGCCATGCGCAGCTGCGCTTC-3’, Rev 5’- 

GAAGCGCAGCTGCGCATGGCGGC-3’). 

 

Cell culture 

All cells except the MCF10A cell-line were grown in DMEM (Invitrogen) supplemented 

with 10% fetal bovine serum (HyClone).  MCF10A cells were grown in MEBM base 

media with 100 ng/mL cholera toxin and MEGM additives except for gentamicin 

(Lonza). HeLa, HEK293T and MCF10A cells were obtained from the ATCC. U2OS cells 

were a kind gift from J.Mueller and the JSQ3 and TR146 lines were a gift from M. 

Herzberg. 

 

Live cell fluorescence microscopy experiments 

Microscopy experiments were performed as described150 with minor modifications. 

Approximately 20,000 cells of HeLa, HEK293T, U2OS, TR146, JSQ3 or MCF10A cells 

were plated on LabTek chambered cover glasses (Nunc), grown for 24 hours, transfected 

(Trans-IT LT1; Mirus) with 200 ng of DNA and incubated overnight. For live cell 

imaging, cells were incubated with clear DMEM containing 0.1% Hoechst dye to stain 

the nuclei and 10 mM HEPES, pH7.4 and kept at 37 degrees Celsius. Time lapse 

microscopy for cell cycle imaging was set up to take pictures at one-minute intervals 
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using sealed chambered cover glasses with normal growth media. For nuclear import 

analysis of AID, AID-eGFP expressing live cells were treated with lepB (40 ng/ml) and 

followed over time200. Quantification of cells for lepB was performed by fixing the cells 

at the indicated time-points in 4% paraformaldehyde in PBS for 20 minutes before 

treating with 0.1% Hoechst dye in PBS. A DeltaVision deconvolution microscope 

(Applied Precision) at 60x or 40x magnification was used to collect all the images, and 

deconvolution was performed using DeltaVision softWoRx software (Applied Precision).  

 

Quantification of imaging 

Images were quantified for comparison with CellProfiler (Broad Institute)201,202. To 

quantify the nuclear localization of A3B-eGFP in HEK293T and HeLa cells, A3B-eGFP 

and A3B V54D-eGFP in HeLa cells, and AID-eGFP and AID Y48H-eGFP in HeLa cells, 

pipelines were set-up in CellProfiler to identify the nuclear compartment (based on 

Hoescht staining) and the cell, based on the GFP fluorescence. The intensity was 

measured in the defined nuclear and cellular compartments and the nuclear intensity 

divided by the total intensity. Data for analysis was collected from CellProfiler and 

assembled and statistics calculated with Prism 5.0 (GraphPad Software, Inc). The student 

t-test was used to calculate p-values where indicated. To quantify the import of eGFP 

tagged lysate into digitonin permeabilized cells we used CellProfiler to identify the 

nuclear compartment (based on Hoescht staining) and measured the intensity of 

fluorescence in the nucleus for each construct. This direct measurement was graphed with 

Prism 5.0 (GraphPad Software, Inc) and the Mann-Whitney test used to calculate 

statistics for A3B-eGFP and A3B V54D-eGFP. 
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Digitonin permeabilization import assays 

Digitonin permeabilization has been previously described178 and modified as below. 

HeLa cells were plated onto 30 window slides at 50-150 cells/window and allowed to 

settle overnight (#63434-02; Electron Microscopy Sciences). The slides were incubated 

for five minutes on ice, washed five minutes in cold transport buffer (20 mM HEPES, pH 

7.3, 110 mM potassium acetate, 2 mM magnesium acetate), and then permeabilized in 70 

ug/mL digitonin (EMD Chemicals, Inc) in transport buffer for five minutes. The digitonin 

solution was removed by washing with cold transport buffer then the import mixture was 

applied individually to each window. To make the lysates ~2.5 million HeLa cells were 

transfected with 5 ug of DNA (Trans-IT LT1; Mirus) and allowed to express protein for 

48 hours before harvesting in 100 uL of transport buffer with protease inhibitors 

(Complete Protease Inhibitor Cocktail Tablets; Roche). To check for protein expression 

in the lysates, samples were run on acrylimide gels (BioRad), then transferred to PVDF 

membranes. After blocking for 1 hour (3% casein in PBS with 0.1% Tween), mouse anti-

GFP (JL-8, BD Clontech 632 381) was used at a 1:2000 dilution. The membranes were 

incubated overnight 4 degrees C. The membranes were washed four times with PBS 

Tween before incubating with 1:5000 goat anti-mouse HRP (BioRad) secondary for 1 

hour at room temperature. The total import mixture contained cell lysate, 0.5 mM GTP 

and 1 mM ATP. Each set of lysates was done in triplicate. The import mixture incubated 

on the slides for 20 minutes at room temperature and was washed away with cold 

transport buffer. The cells were fixed for 20 minutes with 4% paraformaldehyde on ice, 

washed with PBS, incubated for five minutes with PBS containing 0.1% Hoechst dye to 
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stain the nuclei, and a coverslip was mounted with a 50% glycerol:PBS solution. A 

DeltaVision deconvolution microscope (Applied Precision) at 40x magnification was 

used to collect the images, using the same shutter exposure (1 second) for GFP 

fluorescence.  

 

Protein modeling and alignments 

The homology modeling server Swiss Model (http://swissmodel.expasy.org/) was used to 

generate structures of A3B and AID based off the crystal structure of the C-terminal 

domain of APOBEC3G (3IR2 Chain A)181-183. For A3B the QMEAN4 score was 0.52 

and for AID the QMEAN4 score was 0.57 (range from 0-1, higher numbers characterize 

more accurate models)203. Models were loaded into the molecular visualization program, 

VMD204, and the selected residues highlighted. The chosen views were rendered for 

display. For alignment A3B sequence NCBI NP_004891.3, A3G sequence NCBI 

NP_068594.1, A3F sequence NCBI NP_660341.2 and AID sequence NCBI 

NP_065712.1 were used in a ClustalW alignment. 

 

GST pulldown experiments 

GST alone and GST-tagged importin α1, α3 and α541 were grown in BL21DE3 E. coli to 

OD600 0.6, induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 0.4 mM and 

expressed at 14 degrees for 16 hours. The cell pellet was resuspended in GST lysis buffer 

(25 mM HEPES pH 7.4, 10% glycerol, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 

1 mM MgCl2, 1 mM ZnCl2) with protease inhibitors. The suspension was sonicated 

(Misonix XL-2000) three times for 2 minutes total (15 second pulses) with rests on ice. 
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Debris was pelleted from the solution at 14,000 rpm and the supernatent was incubated 

with glutathione beads (Glutathione Sepharose 4 fast flow; GE Healthcare) overnight. 

The beads were washed four times with GST lysis buffer. HEK293T cells were 

transfected with 5 ug of DNA (Trans-IT LT1; Mirus) and allowed to express the GFP 

tagged proteins for 48 hours. These cells were harvested, lyzed and the insoluble fraction 

pelleted by centrifugation. Lysates were added to the glutathione beads and incubated 

overnight. The beads were washed six times with lysis buffer and the bound proteins 

eluted by boiling with SDS loading dye. Samples were run on acrylimide gels (BioRad), 

then transferred to PVDF membranes. After blocking for 1 hour (3% casein in PBS with 

0.1% Tween), mouse anti-GFP (JL-8, BD Clontech 632 381) was used at a 1:2000 

dilution. The membranes were incubated overnight 4 degrees C. The membranes were 

washed four times with PBS Tween before incubating with 1:5000 goat anti-mouse HRP 

(BioRad) secondary for 1 hour at room temperature. The blots were developed with 

chemiluminescent reagents A and B and film (Denville HyGlo A and B, HyBlot). 

 

Class switch recombination assays 

Both the class switch recombination assay and the AID deficient mice used to generate 

the B-cells have been previously described18,200. All experiments followed the guidelines 

set forth by the University of Minnesota Animal Care and Use Committee. Briefly, B-

cells were purified from the mouse spleen using magnetic sorting (Miltenyi Biotech) and 

cultured in RPMI supplemented with 10% FBS, 50 ng/mL IL-4 and 50 ug/mL LPS. After 

48 hours the cells were infected with GFP, AID, A3B and point mutant viruses, 

resuspended in fresh media and cultured for 4 days. Conversion of IgM to IgG was 
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measured by flow cytometry (FACSCanto II, BD Biosciences) after staining with anti-

IgG1-PE (BD Biosciences). 

 

HIV single-cycle experiments  

The single-cycle HIV assay and specific antibodies used for analysis have been 

described96 with the only modification being the use of HeLa cells. Briefly, either 

HEK293T or HeLa cells were transfected with 1 ug of the HIV1IIIB A200C proviral 

construct and 0, 25, 50 or 100 ng of HA-tagged APOBEC3 construct. Twice as much 

AID-HA (50, 100, 200 ng) was required for similar expression levels. The supernatents 

from the transfected cells were added to the reporter cell line, CEM-GFP, and these cells 

were subsequently analyzed by flow cytometry to quantify viral titers.  Cell and viral 

particle lysates were prepared and immunoblotted as previously reported96. 

 

HIV Infection and fluorescent microscopy studies 

HeLa cells transfected with mCherry, A3G-mCherry and A3B-mCherry were seeded into 

6 well plates on coverslips and allowed to adhere overnight. HIVLAI nef::eGFP was added 

to half the samples and both treated and untreated cells were fixed with 4% PFA for 20 

minutes in PBS at 0, 24 and 48 hours time-points. The nuclei were stained with Hoescht 

dye (0.1% in PBS). The coverslips were mounted in 50% glycerol in PBS and imaged on 

a DeltaVision deconvolution microscope (Applied Precision) at 40x magnification. 

Deconvolution was performed using DeltaVision softWoRx software (Applied 

Precision). 
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Immunofluorescence experiments 

Approximately 20,000 cells of HeLa, HEK293T, U2OS, TR146, JSQ3 or MCF10A cells 

were plated on LabTek chambered cover glasses (Nunc) and transfected with A3B-HA 

and incubated overnight. Cells were washed with PBS, then fixed with 4% 

paraformaldehyde in PBS for 20 minutes at room temperature. Cells were washed with 

PBS, incubated in blocking buffer for 1 hour (1% BSA, 1% goat serum and 0.2% Triton-

X 100 in PBS) then stained with 1:200 mouse anti-HA 11 (Covance MMS-101P) 

overnight. Cells were washed with PBS five times then incubated with 1:200 goat anti-

mouse FITC (Jackson 115095146) for 1 hour. After washing four times cells were 

incubated in PBS containing 0.1% Hoechst dye to stain the nuclei. A DeltaVision 

deconvolution microscope (Applied Precision) at 60x magnification was used to collect 

the images, and deconvolution was performed using DeltaVision softWoRx software 

(Applied Precision).  

 

LINE1 studies 

L1 assays were carried as previous described117. Briefly, a LINE1 construct containing 

eGFP with an inverted intron was transfected into HEK293T cells along with HA-tagged 

constructs of interest. All constructs were tested in triplicate. After 48 hours the cells 

were tested for eGFP expression by flow cytometry and then selected with 0.8 ug/mL of 

puromycin. Flow cytometry was performed at the indicated time-points. Western blots 

were performed from pooled cell lysates collected at 48 hours and probed with anti-HA 

and anti-tubulin antibodies.  
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Figure 2-1. Relationships between AID and A3B. (A) Phylogenetic tree depicting the 

APOBEC loci in the indicated species. The split between fish and birds (~300 million 

years ago) and the divergence of the original placental mammal (~100 million years ago) 

are shown2,5,55. (B) Representative images of HeLa cells transfected with human or 

zebrafish AID-eGFP and treated with lepB or ethanol as a vehicle control. (C) 

Representative images of HEK293T or HeLa cells expressing human AID-eGFP after 

treatment for the indicated times with lepB. (D) Representative images of HEK293T or 
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HeLa cells expressing A3B-eGFP (quantified below; mean and SD shown for >20 

individual cell measurements). (E) Representative images of A3B-eGFP expressed in the 

buccal tumor epithelial line TR146, the squamous cell carcinoma line JSQ3, the breast 

epithelial line MCF10A, and the osteosarcoma line U2OS. 
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Figure 2-2. A3B is actively imported into the nucleus. (A) Representative images of 

digitonin treated HeLa cells incubated with lysates containing GFP, A3B-eGFP, A3B 

NTD-eGFP, A3A-eGFP, or A3A NLS-eGFP. White arrows highlight instances of active 

nuclear import. (B) Quantification of the results from (A) using the same exposure for all 

conditions (FITC=1 second; n≥30 cells were examined and the mean nuclear fluorescent 

intensity is indicated for each condition). The inset is an anti-GFP immunoblot of 

representative cell lysates with asterisks indicating the correct bands. 
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Figure 2-3. A3B and AID localize differently during the mitosis. Representative 

image frames of (A) mCherry, (B) A3B-mCherry, and (C) AID-mCherry localization 

during HeLa cell cycle progression from late telophase of mitosis to early interphase. 

H2B-eGFP images of the same cells are shown below each time series. The white arrows 

at 0 min highlight informative cells, and the arrows at other time-points indicate 

significant localization events discussed in the text. 
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Figure 2-4. Single amino acid changes within the β2 region affects nuclear 

localization of A3B and AID. (A) Representative images of A3B-eGFP and A3B V54D-

eGFP in HeLa cells. The adjacent dot plot reports quantification of the nuclear to total 

fluorescent signal (n≥25 cells were analyzed for each condition with mean and SD 

shown). (B) Representative images of AID-eGFP and AID Y48H-eGFP in HeLa cells 

taken 3 hrs after ethanol or lepB treatment. The adjacent dot plot reports quantification of 
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the nuclear to total fluorescent signal (n≥50 cells were analyzed for each condition with 

mean and SD shown). (C) Model ribbon structures of AID and A3B NTD depicted 

adjacent to the actual structure of A3G C-terminal domain (CTD). The β2 region and key 

amino acids in AID and A3B are labeled in red and circled; the side chains of zinc-

coordinating residues are illustrated in green. 
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Figure 2-5. Both AID and A3B interact with members of the adaptor importin 

family. Immunoblots of input HEK293T protein lysates (bottom panel) and pulldown 

results for eGFP, AID-eGFP, AID Y48H-eGFP, A3B-eGFP and A3B V54D-eGFP with 

the indicated GST-importin substrates (top panels).  
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Figure 2-6. A3B does not perform class switch recombination and AID does not 

restrict HIV-1. (A) Flow cytometry quantification of the isotype switch to IgG in AID-

deficient murine B-cells expressing AID, A3B or non-functional mutants (mean and SD 

are shown for duplicate samples). (B) Infectivity of HIV-1 produced in HeLa cells 

expressing HA tagged APOBEC3G (A3G), A3B, AID and their catalytic mutants. High 
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levels of restriction correspond to lower levels of fluorescence in a reporter CEM-GFP 

cell line and a decrease in infectious virus. Asterisks indicate that twice as much DNA 

was required for adequate expression of AID (0, 50, 100 and 200 ng). (C) Immunoblots 

of viral particle proteins (top) or cell lysate proteins (bottom) probed for anti-HA 

(APOBEC/AID expression), anti-p24 for a virus loading control, or anti-tubulin for a 

cellular loading control. (D) Representative images of mCherry, A3B-mCherry or AID-

mCherry in HeLa cells 24 hrs after infection with replication competent HIV-1LAI 

nef::eGFP. Cells expressing the protein of interest infected with HIV are indicated by 

white arrows.  
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Figure 2-S1. A3B-HA is localized to the nucleus. Representative images showing A3B-
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HA localization in HeLa, HEK293T, the head and neck cancer cell lines, TR146 and 

JSQ3, the breast epithelial cell line, MCF10A, and the osteosarcoma cell line, U2OS.  
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Figure 2-S2. Single point mutants in the N-terminal domain of A3B do not affect its 

localization. (A) Representative images of A3B NTD-eGFP and point mutants as 

indicated below the image. (B) Alignment of A3B with A3G, APOBEC3F (A3F) and 

AID. Both A3G and A3F are cytoplasmic proteins. Differences between A3B, A3G/A3F 

and AID are indicated with gray shading. The red stars indicate mutants shown in (A).  

 



 

 54 

Figure 2-S3. A3B V54D-eGFP does not enter the nucleus after digitonin treatment. 

(A) Representative images of digitonin treated HeLa cells incubated with lysates 

containing eGFP, A3B-eGFP, or A3B V54D-eGFP. (B) Quantification of the results from 

(A) using the same exposure for all conditions (FITC=1 second; n≥25 cells were 

examined and the mean nuclear fluorescent intensity is indicated for each condition). (C) 

Anti-GFP immunoblot of cell lysates with asterisks indicating protein expression in the 

lysate concentration used for quantification. 
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Figure 2-S4. A3B restricts L1 transposition in a deaminase independent manner 

while AID is a poor restrictor. (A) Flow cytometry quantification of eGFP expressing 

cells as a marker for retrotransposition in APOBEC/AID expressing populations (mean 

and SD shown for triplicate experiments). Measurements are shown for vector (black, 

circles), A3A-HA (yellow, triangles), A3A E72A-HA (orange, triangles), A3B-HA (red, 

downward triangles), A3B E255Q-HA (maroon, diamonds), AID-HA (blue, squares), and 

AID E58A-HA (light blue, triangles). (B) Anti-HA immunoblot of cell lysates indicating 

expression of the APOBEC3/AID proteins with anti-tubulin as a loading control. 
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Movies 1-12 show mCherry, A3B and AID time-lapse microscopy with or without 

H2B-eGFP. They are available online as supplementary material for Lackey, et al. 

2012205 or by request. 

Movie 1. mCherry localization during mitosis.  

Movie 2. Same as Movie 1, but with mCherry overlaid with H2B-eGFP fluorescence.  

Movie 3. Secondary set of mCherry localization during mitosis.  

Movie 4. Same as Movie 3, but with mCherry overlaid with H2B-eGFP fluorescence. 

Movie 5. A3B-mCherry is excluded during mitosis.  

Movie 6. Same as Movie 5, but with A3B-mCherry overlaid with H2B-eGFP. 

Movie 7. Secondary set of A3B-mCherry during mitosis.  

Movie 8. Same as Movie 7, but with A3B-mCherry overlaid with H2B-eGFP. 

Movie 9. AID-mCherry during mitosis. 

Movie 10. Same as Movie 9, but with AID-mCherry overlaid with H2B-eGFP. 

Movie 11. Secondary set of AID-mCherry during mitosis. 

Movie 12. Same as Movie 11, but with AID-mCherry overlaid with H2B-eGFP. 
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Chapter 3 

Subcellular localization of the APOBEC3 proteins during mitosis and 

implications for genomic DNA deamination 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is part of the manuscript in review: Lackey, L., Law, E. K., Brown, W. L. & 

Harris, R. S. (2012). Cell Cycle.
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Foreword 

 Previously, in order to test for active nuclear import by A3B, we documented the 

subcellular localization of A3B during mitosis (Chapter 2). Surprisingly, we saw that 

A3B was excluded from condensed chromosomes and only re-entered the nucleus after 

telophase205. This led us to question the behavior of other APOBEC3 proteins during 

mitosis. For instance, we knew that A3G bound and shifted DNA in electrophoretic 

mobility shift assays and we wondered whether A3G would enter the nucleus and bind 

genomic DNA during mitosis206,207. At the same time we were becoming more interested 

in the ability of A3B to deaminate genomic DNA in breast cancers (Chapter 4). We 

reasoned that if the cytoplasmic APOBEC3 proteins could enter the nucleus during 

mitosis, they might have a chance to deaminate genomic DNA, like our preliminary 

evidence suggested for the nuclear A3B (Chapter 4). Here I describe our observations on 

the subcellular localization of the APOBEC3s and their corresponding ability to affect 

cell progression.  

 
Contributions 

I imaged and analyzed the fixed microscopy of all the APOBEC3 proteins, their 

derivatives and AID and created time-lapse movies of a subset with the assistance of 

EKL. I performed the activity assays and cell cycle progression analyses. EKL, WLB and 

I analyzed the A3B and A3G reactive rabbit antibodies. RSH contributed to experimental 

design and editing of the manuscript. 



 

 59 

Summary  

Humans have seven APOBEC3 DNA cytosine deaminases. The activity of these enzymes 

allows them to restrict a variety of retroviruses and retrotransposons, but may also cause 

pro-mutagenic genomic uracil lesions. During interphase the APOBEC3 proteins have 

different subcellular localizations: cell-wide, cytoplasmic and nuclear. This implies that 

only a few APOBEC3s have contact with nuclear DNA. However, during mitosis, the 

nuclear envelope breaks down and cytoplasmic proteins may enter what was formerly a 

privileged zone. To address the hypothesis that all APOBEC3 proteins have access to 

genomic DNA, we observed the localization of the APOBEC3 proteins during mitosis. 

We show that APOBEC3A, APOBEC3C and APOBEC3H are excluded from condensed 

chromosomes, but become cell-wide during telophase. However, APOBEC3B, 

APOBEC3D, APOBEC3F and APOBEC3G are excluded from chromatin throughout 

mitosis. After mitosis APOBEC3B becomes nuclear and APOBEC3D, APOBEC3F and 

APOBEC3G become cytoplasmic. Both structural motifs as well as size may be factors in 

regulating chromatin exclusion. We also analyzed APOBEC3-induced cell cycle 

perturbations as a measure of each enzyme’s capacity to inflict genomic DNA damage. 

AID, APOBEC3A and APOBEC3B altered the cell-cycle profile and, unexpectedly, 

APOBEC3D also caused changes. We conclude that several APOBEC3 family members 

have access to the nuclear compartment and can impede the cell-cycle, possibly through 

DNA deamination and the subsequent DNA damage response. Such genomic damage 

may contribute to carcinogenesis, as demonstrated by AID in B-cell cancers and, 

recently, APOBEC3B in breast cancers. 
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Introduction 

The seven APOBEC3 proteins are part of a larger polynucleotide cytosine 

deaminase family that in humans also includes activation induced cytosine deaminase 

(AID), APOBEC1, APOBEC2 and APOBEC45.  All of the APOBEC3 proteins have the 

ability to convert single-stranded DNA cytosines to uracils and this is the main 

mechanism by which several of these enzymes restrict the replication of HIV-1 and other 

retroviruses5,83. Relevant APOBEC3s are packaged into viral particles along with the 

viral RNA genome. During reverse transcription the single-stranded viral cDNA becomes 

a target for cytosine deamination; replication across this cDNA fixes uracils as point 

mutations in the genome resulting in hypermutation and either inactivation or degradation 

of the retrovirus83. This mechanism is clear for APOBEC3G (A3G) and APOBEC3F 

(A3F) on HIV-1, as well as for other APOBEC3 enzymes on a broad number of other 

viral substrates83,98. In addition, APOBEC3 proteins have a role in restricting 

retrotransposons (including LINE-1, Alu, IAP and MusD), primarily, although not solely, 

through a deamination process similar to retrovirus restriction96,208,209. 

However, APOBEC3 enzymatic activity may also be problematic for genomic 

DNA. As an important precedent, AID-dependent uracil lesions in the antibody locus can 

be processed into chromosomal translocations and these uracil lesions in other genomic 

areas may also be pro-carcinogenic25,210,211. For example, transgenic expression of AID 

causes T-cell cancer in mice210. Likewise, transgenic expression of APOBEC1 can cause 

hepatocellular carcinoma65,132. Although a role for APOBEC3A (A3A) in cancer 

development is unclear, ectopic expression causes S-phase arrest, γ-H2Ax focus 

formation and mutational events133. In contrast, we recently demonstrated the up-
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regulation of A3B and its contribution to the overall mutation load in breast cancer71. The 

role of other APOBEC3 proteins in genomic mutation is less clear.  

  Subcellular regulation allows cells to compartmentalize proteins that could be 

genotoxic or cytotoxic. For example, caspase-activated deoxyribonuclease (CAD) is a 

DNase containing a nuclear localization signal that is complexed with an inhibitory 

protein in the cytoplasm. Cleavage of this inhibitor by caspase-3 allows CAD to enter the 

nucleus and degrade the genome as part of the natural apoptotic pathway212. Likewise, 

the transcription factors STAT1 and NFκB are kept in the cytoplasm until activated, 

when they transport to the nucleus and bind promoters to enhance or suppress 

transcription213,214.  Proteins can be actively targeted to a region of the cell through 

localization sequences within the protein or in an interacting partner. They can also be 

excluded from the nuclear compartment passively based on size and shape, with a limit of 

approximately 50 kDa and 6 nm diameter165.  

To complete mitosis, a cell must split its replicated genome between two daughter 

cells. In mammals, mitosis is facilitated by breaking down the nuclear envelope to allow 

for spindle formation and physical segregation of the chromosomes. The nuclear 

envelope re-forms shortly after cytokinesis215. Some proteins change localization during 

mitosis. For example, activated NFAT, which is nuclear during interphase, is excluded 

from DNA during mitosis and remains cytoplasmic until it is activated again216. RUNX 

proteins, which form nuclear foci, dissolve and reform after mitosis, unlike histones, 

which remain bound to the DNA217. 

During interphase, the APOBEC3 proteins vary in subcellular localization. A3A, 

A3C and A3H are the smallest deaminases, each having a single deaminase domain (~25 
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kDa). A3A and A3C have shown cell-wide distributions, whereas A3H is more variable, 

but A3H haplotype II is both cytoplasmic and nucleolar96,111,119,120,151. As a comparison, 

AID, which is a similarly sized, single domain deaminase, appears cytoplasmic at steady 

state, but clearly shuttles between the nuclear and cytoplasmic compartment41,42,169,205. 

APOBEC1 is also a shuttling protein with a predominantly cytoplasmic steady state 

distribution in the absence of its interacting partner ACF78,172,218. The double domain 

APOBEC3s (~50 kDa) are composed of two conserved deaminase domains and are either 

nuclear (A3B) or cytoplasmic (A3D, A3F, and A3G) during 

interphase87,117,143,144,150,153,155,205,219. Interestingly, DNA damage has been shown to cause 

cytoplasmic APOBEC3G to enter the nucleus157, as well as affecting the shuttling of 

AID, shifting it from primarily cytoplasmic to more nuclear44. It is not clear what the 

importance of subcellular localization is for the function of the APOBEC3 proteins, 

although a cytoplasmic distribution may affect HIV-1 inhibition150,156. 

 Recently, we analyzed A3B and AID during mitosis205. A3B is excluded from 

nuclear DNA during the entire process of mitosis while AID associates with nuclear 

DNA during telophase. We thus became interested in the potential for other APOBEC3 

enzymes to bind nuclear DNA during mitosis. The present study therefore provides 

comparative and mechanistic information on the mitotic regulation of the other members 

of the APOBEC3 family. 

 

 

 

Results 
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A3A, A3C, and A3H have access to genomic DNA during interphase and telophase 

 We first considered the single domain APOBEC3s, which are similar in size to 

AID and APOBEC1. The predicted molecular weight for A3A, A3C, and A3H is 25 kDa 

(50 kDa with eGFP). The interphase localization of these single domain proteins has been 

described96,111,119,120,151. For all our experiments we used the stable A3H haplotype II, 

which is more cytoplasmic than A3A and A3C, but can be seen in the nucleoli of HeLa 

cells122,139,154 (Fig. 3-S1). The E72A catalytic mutant was used for A3A, because the 

wild-type enzyme killed almost all cells after 48 hours of transient expression 

(concordant with prior reports131). As described205, AID was excluded from chromatin 

during prophase, metaphase, and anaphase, but co-localized specifically with DNA 

during telophase (Fig 3-1A, 3-1B and 3-S2). As expected, eGFP alone was excluded 

from the condensed DNA in prophase, metaphase, and anaphase220 (Fig. 3-1A and Fig. 

3-S2), but resumed its cell-wide distribution once the chromosomes began to relax during 

telophase (Fig. 3-1B). Likewise, A3A-E72A and A3C were excluded from condensed 

chromosomes during prophase, metaphase, and anaphase (Fig. 3-1A and 3-S2). Once the 

cells reached telophase A3A-E72A and A3C became fully cell-wide (Fig. 3-1B). Thus, 

A3A-E72A and A3C are excluded from DNA during early mitosis in a manner similar to 

eGFP, implying that these proteins do not bind to DNA and may simply be physically 

excluded from highly condensed chromosomes (unlike AID or eGFP-tagged histone 2B 

(H2B), Fig. 3-1A and Movie 14). These data are supported by two-color live cell 

microscopy using mCherry-tagged A3A-E72A and eGFP-tagged H2B (Movies 13 and 

14). A3H-eGFP was also excluded from DNA during prophase, metaphase, and anaphase 
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(Fig. 3-1A and Fig. 3-S2). However, during telophase, some A3H-eGFP remained 

excluded from telophase DNA, but could also been seen in punctate nuclear bodies, 

possibly part of re-assembling nucleoli (Fig. 3-1B). This continuing exclusion of A3H-

Hap II during telophase is similar to what we observe for the double domain APOBEC3 

proteins (below).  

 

A3B, A3D, A3F and A3G are excluded from the DNA during mitosis 

 We next considered the double domain APOBEC3s. These APOBEC3 proteins 

are twice the size of the single domain proteins (~50 kDa native or ~75 kDa with eGFP), 

and are generally composed of a C-terminal active deaminase domain and a less active or 

inactive N-terminal deaminase domain. A3B is nuclear during interphase, while A3D, 

A3F, and A3G are cytoplasmic87,117,143,150,155,156,219 (Fig. 3-S3). Despite A3B’s nuclear 

interphase localization, we had previously seen that it was excluded from mitotic 

chromosomes205 (Fig. 3-2B). Likewise, A3D, A3F, and A3G were all excluded from 

condensed chromosomes during prophase, metaphase, anaphase, and telophase (Fig. 3-

2A, 3-2B and 3-S4). This contrasts with AID, which associates with chromatin during 

telophase, and with A3A-E72A, A3C, and eGFP alone, which begin to resume their cell-

wide distributions during telophase (Fig. 3-1B). These results are supported by time-lapse 

microscopy using A3F-mCherry and H2B-eGFP (Movies 15 and 16). We conclude that 

A3D, A3F, and A3G have little opportunity for contact with genomic DNA during 

interphase or throughout mitosis.  

 

Size dependent and independent effects on mitotic localization 
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 All the double-domain proteins were excluded from genomic DNA. Since these 

tagged APOBEC3 proteins are approximately 75 kDa, they are much larger than the 

tagged 50 kDa single-domain enzymes. This size difference could be an important 

biological means of control or an effect of the tag. To test this possibility, we analyzed all 

four double-domain proteins with a smaller HA-tag. Similar to our previous data, we saw 

that A3B, A3D, A3F, and A3G-HA were all excluded from mitotic DNA during 

telophase (Fig. 3-S5). This triple HA-tag is less than 5 kDa. Since A3A-eGFP is cell-

wide (51.3 kDa), A3B-HA (50.1 kDa) should not be impeded by its tag from its normal 

cellular distribution. To further rule out the effect of a tag on the localization of the 

double-domain APOBEC3s, we used recently developed rabbit polyclonal sera to analyze 

the subcellular distribution of the untagged wild-type enzymes. Interphase localization of 

A3B was nuclear, as expected (Fig. 3-3A, left), and A3B was excluded from DNA during 

telophase and then began to re-enter the nucleus in cells progressing through telophase 

(Fig. 3-3A, right). Untagged A3G was cytoplasmic during interphase and excluded 

during telophase (Fig. 3-3B). The localization of untagged A3B and A3G mimics the 

localization of HA and eGFP tagged proteins. This supports our conclusion that under 

normal conditions A3B only co-localizes with DNA during interphase and that A3D, 

A3F, and A3G are excluded in both interphase and throughout mitosis. 

 

Determinants of double domain APOBEC3 localization  

 We hypothesized that APOBEC3 exclusion from mitotic DNA is governed by an 

internal regulatory element. To test the hypothesis that at least one of the two domains in 

the double-domain proteins harbor subcellular localization determinants, we analyzed the 
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localization of the N- and C-terminal domains of A3B, A3D, A3F, and A3G separately. 

During prophase, metaphase, and anaphase all of these proteins were excluded from 

condensed chromosomes, similar to AID and all the other APOBEC3s (Fig. 3-1 and 3-2, 

data not shown). During telophase, the N-terminal halves of A3B and A3D were both 

nuclear, while the N-terminal domains of A3G and A3F were cytoplasmic (Fig. 3-4A). 

The C-terminal domains of A3B, A3D, A3F and A3G were cell-wide (Fig. 3-4B). As 

expected150, the localization of the N-terminal domains during interphase was similar to 

the localization of the full-length proteins during interphase (i.e. A3B N-terminal and full 

length were nuclear, while A3F and A3G N-terminal and full-length were cytoplasmic), 

the only exception being A3D (Fig. 3-4C). Interestingly, full-length A3D was 

cytoplasmic, but its N-terminal domain was nuclear and its C-terminal domain was cell-

wide. We tested whether A3D shuttles from the nucleus into the cytoplasm through the 

CRM1 pathway using the inhibitor lepB174. AID appeared cytoplasmic, but lepB caused it 

to become more nuclear42,169 (Fig. 3-S6). In contrast, A3D remained cytoplasmic in the 

presence of lepB, implying that it does not use the CRM1 pathway (Fig. 3-S6). In 

addition, the ability of N-terminal A3B to co-localize with DNA during telophase is 

different from the delayed re-entry of full-length A3B, which remains excluded from 

DNA during telophase (Fig. 3-4A and 3-2B). We conclude that A3F and A3G are likely 

to be actively excluded from DNA, since their N-terminal domains alone are excluded 

(Fig. 3-4A). A3B and A3D may rely on the size of the double domain or a motif created 

from the combination of both domains since in both cases the N-terminal half of the 

protein has access to DNA during telophase while the full-length protein is excluded 

(Fig. 3-4A and 3-2B). Interestingly, forcing two A3C proteins together in an A3C-A3C-
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eGFP chimera created a protein that was cytoplasmic in interphase and excluded from 

genomic DNA in the same way as A3B, A3D, A3F, and A3G (Fig. 3-S7). Thus, both cis 

determinants and size seem to affect the telophase DNA exclusion seen for A3B, A3D, 

A3F, and A3G. 

 

Cell cycle regulation of DNA deaminase activity 

 We tested for changes in the deaminase activity of APOBECs that co-localize 

with DNA (A3A, A3B, A3C, and A3H). We hypothesized that in addition to physical 

exclusion of the APOBECs during mitosis, the deaminase activity of these enzymes 

might be regulated. Untreated or thymidine-blocked HEK293T cells were transfected 

with eGFP-tagged A3A, A3B, A3C, and A3H. After 24 hours of expression untreated 

(asynchronous) cells expressing each APOBEC3 construct were harvested. Subsequently, 

thymidine synchronized cells followed by a four-hour release were harvested with the 

cells positioned in S phase, as expected221 (Fig. 3-5A). Nocodazole was added after the 

second thymidine block to arrest the cells in G2, however, this caused a significant 

induction of apoptosis (Fig. 3-5A). Lysates from these stages were used to test for 

deaminase activity on fluorophore-conjugated oligonucleotides containing a cytosine 

base in the appropriate context. Both A3A and A3B are strong deaminases and produced 

deaminase activity from all samples (Fig. 3-5B). Comparatively, A3C and A3H are much 

weaker deaminases. While A3H could deaminate oligonucleotides, A3C did not 

demonstrate activity in this assay, even at higher concentrations (data not shown). While 

deaminase activity has been observed for both A3C and A3H, they are not strong in vitro 

deaminases222. None of the lysates from different phases of the cell cycle varied 
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dramatically in activity. These experiments suggested that A3A, A3B, and A3H are 

similarly active in both G1 and S-phase.  

 

APOBEC3-induced cell cycle perturbations 

 The cell cycle is a highly regulated progression with delicate checks and balances 

that prevent cells from dividing in the presence of DNA damage. We used this innate 

DNA damage sensing property to test for DNA damage caused by the APOBEC3 

proteins. Tetracycline inducible HEK293 and HeLa cells show cell cycle disruptions after 

expression of A3A and A3B71,131 (Chapter 4 and Fig. 4-3) and repair deficient B-cells 

show toxicity after AID expression223. We therefore tested all APOBEC3s and AID for 

cell cycle effects by transient transfection in HEK293T and HeLa cells. Based on the 

mitotic images described above, we predicted that A3A, A3B, and A3H were mostly 

likely to alter the cell cycle profile over time, and, based on our activity data, A3C would 

have little effect even though it is cell-wide. Representative profiles for each APOBEC3 

in these two cell lines are shown for 48 hours expression in HEK293T cells and 96 hours 

expression in HeLa cells (Fig. 3-6A and 3-S8A). A3A caused a consistent shift of the G1 

peak toward S in both cell lines, and a broadening of the G2 population in HEK293T 

cells (arrows in Fig. 3-6A and 3-S8A). In HEK293T cells, only A3B, A3D and AID 

caused decreases in mitotic cells (Fig. 3-6A), while in HeLa cells only A3B and AID 

caused a dramatic decreases in DNA content, an indication of apoptotic cells (Fig. 3-

S8A). Surprisingly, A3H did not cause a reproducible effect on the cell cycle profile, 

although mild effects were seen in some previous experiments (data not shown). A3C, 

A3F, and A3G did not cause dramatic changes to the shape or proportions of the cell 
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cycle profile, indicating that transient over-expression is not the cause of these cell cycle 

perturbations. From these data it is clear the A3A, A3B, and AID can affect cell cycle 

progression, as has been shown in different systems71,131,223, and that A3D and possibly 

A3H are also able to activate cellular checkpoints. These cell cycle defects have been 

reported to be dependent on the catalytic activity of both A3A and A3B, supporting our 

use of cell cycle perturbations as a measure of genomic DNA deamination71,131.  

 

Discussion 

We hypothesized that the mitotic breakdown of the nuclear envelope would allow 

APOBEC3s access to genomic cytosines for deamination. Since several APOBEC3s are 

positively charged and known to bind DNA206,207, we expected to see the APOBEC3 

proteins interacting with DNA during prophase upon dissolution of the nuclear envelope. 

Instead, we show that cytoplasmic APOBEC3 proteins do not have full access to genomic 

DNA, even during mitosis. The mechanism preventing the APOBEC3s from interacting 

with genomic DNA during prophase, metaphase, and anaphase is unclear, but may be as 

simple as exclusion from condensed chromatin, since eGFP is excluded in a similar 

manner. However, this simplistic model does not explain all observations, as DNA 

exclusion during telophase may be dependent on a combination of N-terminal 

determinants and protein size. A3F and A3G, for example, have cis determinants, since 

their N-terminal domains alone are cytoplasmic whereas A3B and A3D N-terminal 

proteins co-localize with DNA during telophase, while their full-length forms are 

excluded.  
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We were surprised that separately both domains of A3D had access to the 

nucleus, as well as by the fact that full-length A3D affected HEK293T and HeLa cell 

cycle profiles. We theorized that full-length A3D might shuttle between the cytoplasmic 

and nuclear compartment, but we did not detect CRM1-dependent shuttling. Although we 

have no evidence that the N- and C-terminal domains of A3D are expressed separately in 

our transient transfections, it is possible that separate N and C-terminal domains may 

have a role to play in genomic mutations. Double-domain APOBEC3 genes in other 

species (e.g., sheep and pig) can be expressed as either N- or C-terminal domains alone, 

as well as the full-length double domain79, while in humans A3F has alternative 

isoforms224. It is therefore possible that other double domain APOBEC3 genes may 

express single N or C-terminal domain variants that could have subcellular distributions 

differing from the full-length enzyme. 

We observed a cell cycle progression defect in HeLa and HEK293T cells 

expressing A3A, A3B, A3D, and AID (and mildly for A3H), implying that deamination 

and the ensuing DNA damage response affects these cells. Both of A3A and A3B have 

been reported to induce cell death and the DNA damage response in HEK293 and HeLa 

cells71,131. While A3A is tightly regulated and is confined to cells of the myeloid 

lineage128, other APOBEC3 proteins are expressed more broadly134,135. Interestingly, 

A3B, A3D, and A3H all have been inactivated or deleted to a certain extent in the human 

population. More than 90% of people of Oceanic heritage have an A3B deletion 

polymorphism that leaves the surrounding A3A and A3C genes intact, but completely 

removes A3B193. Chimpanzee A3D is much more active than human A3D, and this is 

largely dependent on a single amino acid difference225,226. Likewise, there are several 
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haplotypes of A3H, and the most prevalent among them are unstable122,139,154. We used 

the human A3H haplotype II in these experiments because it is stable and active against 

HIV-196,98. Thus, A3B, A3D, and A3H may be sufficiently detrimental to cause selective 

inactivation and loss of these enzymes. Although the experiments we report are transient 

tests of the capability of the APOBEC3s to affect cell cycle progression, the data suggest 

that A3A, A3B, A3D, and A3H may be interesting for further studies on genomic 

mutation. In fact, transient expression of A3A causes genomic mutations in the nuclear 

and mitochondrial genomes133 and high levels of endogenous A3B induces genomic 

mutations in breast cancer cells71 (Chapter 4). 

The long-term effect of genomic deamination may be predisposition to cancer, as 

suggested by the link between AID expression and B-cell cancer25,210,227. Breast cancer 

genome sequencing has shown that not only do breast tumors have a large number of 

somatic mutations, but also a high percentage of cytosine-to-thymine (C-to-T) transitions 

and regions of clustered mutations termed kataegis228. These mutation signatures from 

breast cancers can be linked to A3B, especially in regions of kataegis, where single-

stranded DNA may be available for deamination71. Many other cancers also have a high 

proportion of C-to-T mutations, including brain, gastric, head and neck, ovarian, 

pancreatic, and prostate cancers229-233. Over the next few years, with the increasing 

availability of cancer genome sequences, and additional molecular studies of the 

APOBEC3 proteins, we predict that minimally A3B and potentially other APOBEC3s 

will become important for our understanding of cancer mutagenesis. 
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Methods 

Fixed cell microscopy experiments 

Microscopy procedures have been described205. Briefly, HeLa cells plated on glass 

coverslips (12-545-85; Fisher Scientific) in 6 well plates were transiently transfected with 

400 ng each of eGFP, HA or untagged constructs (Transit-LT1; Mirus) and incubated for 

48 hours. The cells were fixed with 4% paraformaldehdye in phosphate buffered saline 

(PFA in PBS) for 20 minutes at room temperature. APOBEC3-HA and untagged 

expressing cells were incubated with primary antibody in blocking buffer. Rabbit 

polyclonal sera were identified as described136. Hybridoma media was used for 

immunofluorescence. The anti-HA antibody (MMS-101P; Covance) was used at 1:200 

and visualized with anti-mouse FITC (115095146; Jackson), while untagged A3B was 

identified with Rb10 14, untagged A3B was identified with Rb10 93 and these samples 

were visualized with anti-rabbit FITC (111095144; Jackson). All slides were treated with 

0.1% Hoechst dye to stain the nuclei. The slides were mounted with 50% glycerol and 

imaged (Deltavision; Applied Precision). All images were deconvolved using SoftWorks 

(Applied Precision).   

 

Live cell experiments 

Movies were taken as described205. Briefly, HeLa cells plated at 40,000 cells/well in 4 

well chambers (Nunc) were transiently transfected with 200 ng of eGFP-tagged histone 

2B and 400 ng of APOBEC3-mCherry. The cells expressed these constructs for 48 hours 

before transfer to a heated chamber (37 C) on the microscope (Deltavision; Applied 

Precision). Images of dividing cells were taken every three minutes for 1-3 hours. These 
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images were deconvolved and used to create quicktime movies. Treatment with 

leptomycin B to inhibit CRM1 dependent export has been reported200,205. Cells were 

treated with 40 ng/mL of leptomycin B dissolved in ethanol or ethanol diluted in media 

alone. After three hours these cells were fixed for imaging. 

 

DNA deaminase oligonucleotide cleavage assays 

Synchronization protocols were modified for this experiment221. HEK293T cells were 

treated with 2 mM thymidine (Sigma-Aldrich) to cause an S-phase arrest. After seventeen 

hours the thymidine was removed and the cells were released in DMEM with fetal bovine 

serum (media) and transfected with the indicated APOBEC3-eGFP constructs (Transit-

LT1, Mirus). After eight hours the media was removed and a second thymidine block was 

added. After another seventeen hour incubation the thymidine was removed and the cells 

were released into media. After four hours cells were harvested for S-phase or treated 

with 50 ng/mL of nocodazole (Sigma-Aldrich). After sixteen hours the nocodazole 

treated cells were released into media for 1 hour and then harvested for metaphase. A 

fraction of the cells were analyzed for cell cycle profile (see below). The rest (~ 8 million 

cells from each condition) were pelleted, washed and resuspended in lysis buffer (25 mM 

Hepes, pH 7.4, 250 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM EDTA, 1 mM 

MgCl2, 1 mM ZnCl2) then sonicated three times for 3 seconds. Samples were run on 

western blots and probed with anti-GFP (1:5000, 632 381; BD Clontech) and anti-tubulin 

(1:20,000, MMS-407R; Covance). The DNA deamination assay has been described128. 

Lysates were mixed with 6-FAM labeled 43 nucleotide containing oligo containing a 

TTCC deamination site for two hours at 37 C before addition of uracil DNA glycosylase 
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and NaOH to create and break an abasic site. The samples were run on 15% acrylimide 

urea gels for separation and analyzed with a Fuji-FLA 5000 scanner. 

 

Cell cycle profiling experiments 

HeLa or HEK293T cells were plated into 6 well plates at 200,000 cells/well and 

transfected the next day with 300 (A3A, A3B, A3C, A3F, A3G) or 400 ng (A3D, A3H 

and AID) of eGFP constructs. The cells were harvested and fixed with 4% PFA for cell 

cycle analysis or lysed in loading buffer for western blots. The cell cycle samples were 

treated with 0.1% Triton X 100, 20 µg/mL propidium iodide and 40 µg/mL RNase A 

(Qiagen) in PBS for 30 minutes at room temperature before flow cytometry (BD 

Biosciences FACS Canto II). GFP positive and GFP negative live cells were analyzed for 

their PI staining profiles using FloJo and GraphPad Prism. The lysates were run on 4-

15% polyacrylamide gels, transferred to pvdf and then blotted with anti-GFP (1:5000, 

632 381; BD Clontech) and anti-tubulin (1:20,000, MMS-407R; Covance). 
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Figure 3-1. A3A, A3C, and A3H are excluded from DNA as the chromosomes 

condense, but become cell-wide during telophase. (A) Images of HeLa cells in 

prophase expressing the indicated APOBEC3-eGFP constructs (top) merged with 

Hoechst stain to visualize the nuclei (merge, middle). Boxed regions (bottom) are 

magnified below each image with APOBEC3-eGFP exclusion indicated (white arrows). 

(B) Images of HeLa cells in telophase expressing indicated APOBEC3-eGFP constructs 

(top), merged with nuclear stain (middle) and magnified (bottom). All images are 
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representative of at least three mitotic cells. See Fig. 3-S2 for APOBEC3-eGFP 

localization during metaphase and anaphase and Movies 13 and 14 for time-lapse images 

of A3A-E72A-mCherry localization during mitosis. 
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Figure 3-2. A3B, A3D, A3F, and A3G are excluded from DNA during cell division. 

(A) Images of HeLa cells in prophase expressing the indicated APOBEC3-eGFP 

constructs (top).  Cells were stained with Hoechst dye to identify the nuclei (merge, 

middle). Boxed regions (bottom) are blown up below each image with APOBEC3 
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exclusion indicated (white arrows). (B) Images of HeLa cells in telophase expressing 

indicated APOBEC3-eGFP constructs (top), merged with nuclear stain (middle) and 

magnified (bottom). All images are representative of at least three mitotic cells. See Fig. 

3-S4 for APOBEC3-eGFP localization during metaphase and anaphase and Movies 15 

and 16 for time-lapse images of A3F-mCherry localization during mitosis. 
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Figure 3-3. Untagged A3B and A3G are excluded from genomic DNA in the same 

manner as HA and eGFP tagged derivatives. (A) Images of HeLa cells expressing 

untagged A3B labeled with anti-A3B and anti-rabbit FITC (top) then stained with 

Hoechst dye to illuminate the DNA (bottom). The indicated progression through 

telophase (early and late) was based on chromatin condensation. (B) Images of HeLa 

cells expressing untagged A3G labeled with anti-A3G and anti-rabbit FITC (top) and 

DNA stain as before (bottom). Representative images are based on at least three 

telophase cells.  
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Figure 3-4. Localization of single domain variants of A3B, A3D, A3F, and A3G. (A) 

Images of HeLa cells in telophase expressing N-terminal or (B) C-terminal halves of the 

indicated APOBEC3-eGFP constructs are shown. Merged images with nuclear stain 
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below. Wild-type A3D was toxic, so a catalytic mutant was used (A3D-CTD-E264A; 

indicated by *). All images are representative of at least three telophase cells. (C) 

Representative images of HeLa cells in interphase expressing the N-terminal halves of 

the indicated APOBEC3-eGFP constructs.  
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Figure 3-5. A3A, A3B, and A3H are active deaminases in G1 and S phase, while 

A3C is not active. (A) Representative cell cycle profile of HEK293T cells expressing 

A3A, A3B, A3C, or A3H-eGFP constructs used to make lysate for deaminase activity 

assays. (B) Lysates were incubated with a fluorescently labeled oligonucleotide 

containing a cytosine deamination motif. Oligonucleotides were run on a denaturing gel 

to separate uncleaved from cleaved products. (C) Immunoblot of protein lysates probed 

with anti-GFP or anti-tubulin. 
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Figure 3-6. APOBEC3 effects on cell cycle progression in HEK293T cells. (A) 

HEK293T cells transiently transfected with eGFP tagged APOBEC3 proteins were 

monitored over several days by flow cytometry for PI staining to determine DNA 

content. Representative profiles from triplicate independent samples are shown at 48 

hours. APOBEC3-eGFP expressing cell profiles (red) are overlaid on untransfected cells 

in the same population (blue). The shift toward S-phase in A3A-eGFP expressing cells is 

indicated (black arrow). (B) Expression of the APOBEC3-eGFP proteins by western blot 

(left) and mean fluorescence and transfection efficiency by flow cytometry (right) in 

HEK293T cells.  
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Figure 3-S1. Interphase localization of the single-domain APOBEC3 proteins and 

AID. HeLa cells were transfected with the indicated eGFP-tagged constructs and imaged 

by fluorescent microscopy (top). The DNA is indicated by Hoechst staining (merge, 

bottom). 

 



 

 85 

 

Figure 3-S2. A3A-E72A, A3C, and A3H are excluded during anaphase and 

metaphase. (A) HeLa cells in metaphase expressing the indicated eGFP-tagged 

constructs (top).  Cells were stained with Hoechst dye to identify the nuclei (bottom). (B) 

HeLa cells in anaphase expressing eGFP tagged APOBEC3s (top) and nuclear stain 

(bottom). Arrows indicate mitotic cells. All images are representative of at least three 

mitotic cells. 
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Figure 3-S3. Interphase localization of the double-domain APOBEC3-eGFP 

proteins. HeLa cells expressing the indicated APOBEC3-eGFP tagged constructs (top) 

were imaged by fluorescent microscopy. DNA is indicated by Hoechst staining (bottom). 

 



 

 87 

 

Figure 3-S4. A3B, A3D, A3F, and A3G are excluded from DNA during metaphase 

and anaphase mitosis. (A) Images of HeLa cells in metaphase expressing the indicated 

eGFP-tagged constructs (top).  Cells were stained with Hoechst dye to identify the nuclei 

(bottom). (B) Images of HeLa cells in anaphase expressing eGFP tagged APOBEC3s 

(top) and nuclear stain (bottom). Arrows indicate mitotic cells. All images are 

representative of at least three mitotic cells. 
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Figure 3-S5. Double domain HA tagged APOBEC3 proteins are excluded from 

telophase DNA. Telophase HeLa cells were imaged from anti-HA/anti-mouse FITC 

APOBEC3-HA expressing cells (top). The nuclei were stained with Hoechst dye 

(bottom). Representative images are shown from at least three telophase cells. 
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Figure 3-S6. APOBEC3D does not shuttle through the CRM1 export pathway. HeLa 

cells expressing the indicated constructs were treated with either ethanol or leptomycin B 

in ethanol for three hours before imaging (top). Nuclei are indicated by Hoechst staining 

(merge, bottom). Images are representative of at least ten cells. 
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Figure 3-S7. Localization of A3C-A3C-eGFP. Interphase and mitotic stages were 

imaged for A3C-A3C-eGFP expressed in HeLa cells (top) with DNA stain indicated 

(bottom). Arrows specify mitotic cells. All images are representative of at least three 

cells. 
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Figure 3-S8. APOBEC3 effects on cell cycle progression in HeLa cells. (A) HeLa cells 

transiently expressing eGFP tagged APOBEC3 proteins were monitored over several 

days by flow cytometry. Representative profiles from triplicate independent samples are 

shown at 96 hours. (B) Expression of the APOBEC3-eGFP proteins by western blot (left) 

and mean fluorescence and transfection efficiency by flow cytometry (right) in HeLa 

cells. 
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Movies 13-16 show HeLa cells expressing A3A E72A-mCherry or A3F-mCherry 

with or without H2B-eGFP and are available upon request. 

 

Movie 13. A3A-E72A-mCherry localization in a HeLa cell starting in metaphase over a 

105 minute period with images taken every 3 minutes. Exclusion is indicated by the 

shadow of the condensed chromosomes and is visible in metaphase and anaphase. 

Autofocus changes can obscure this effect in some frames. Immediately upon the 

separation of the two cells A3A-E72A-mCherry is fully cell-wide (57 minute time-point).  

 

Movie 14. A3A-E72A-mCherry (as in Movie 13) co-expressed with H2B-eGFP in a 

dividing HeLa cell. The chromosomes can be seen as the cell begins in metaphase 

followed by their separation in anaphase (39-42 minute time-points). Once the cells 

separate (57 minute time-point) their chromosomes begin to relax and they re-enter G1. 

 

Movie 15. A3F-mCherry localization in a dividing HeLa cell over a 3 hour period with 

images taken every 3 minutes. This cell begins in prophase and A3F changes from 

cytoplasmic to more cell-wide (18 minute time-point). The exclusion of A3F from the 

condensed chromosomes in metaphase and anaphase is visible as a shadow. Once the 

cells separate (1h 48 minute time-point), A3F remains excluded from the DNA, even 

when the cell is re-entering G1. Over time the fluorescence fades as the cell bleaches. 

This movie is representative of other A3F-mCherry and other double domain APOBEC3-

mCherry movies. 
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Movie 16. A3F-mCherry (as in Movie 15) co-expressed with H2B-eGFP in a dividing 

HeLa cell. The chromosomes can be seen condensing and forming the metaphase plate 

(such as at the 45 minute time-point) followed by their separation in anaphase (1h 36-1h 

39 minute time-points). Once the cells separate (1h 48 minute time-point) their 

chromosomes begin to relax and they re-enter G1. 
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Chapter 4 

APOBEC3B is an enzymatic source of mutation in breast cancer 
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Foreword 

 Prior to this work we were interested in A3B because of its unique nuclear 

localization and because we had seen ectopic expression of A3A (which is highly similar 

to A3B) and A3B cause cell cycle progression defects131,205,234. However, normal tissues 

do not express significant levels of A3B, and it wasn’t clear where to study endogenous 

A3B activity until we identified high expression of A3B in breast cancers and breast 

cancer cell lines71. From there we studied the role of A3B in deamination and mutation of 

breast cancer cell lines and correlated breast cancer mutational load and signatures to 

A3B. A3B is the first APOBEC3 protein linked human cancer. 

 
Contributions 

MBB, EWR and BL generated mRNA expression profiles and correlated A3B with 

tumors. EKL and I performed microscopy on A3B, A3F and A3G in breast cancer cell 

lines. I also developed and performed fractionation on all cell lines235 and AR performed 

activity assays from these lysates. MBB, MAC, DK, and NT assisted with UPLC-MS set-

up and uracil quantifications to measure genomic deamination. AML performed TK 

fluctuations and AR generated 3D-PCR sequences for genomic mutations. I performed 

the cell cycle, cell death and DNA damage response analysis on the tetracycline inducible 

cell lines. AR and MAC performed 3D-PCR and comet assay on these lines. MAC 

performed deaminase assays with recombinant protein and NAT and DED contributed 

bioinformatic analyses linking A3B with patient breast cancer mutations. JBN conducted 

the bioinformatic analysis of microarray data and developed a normalization algorithm 

for this analysis. RSH assisted with experiment design and wrote the manuscript. 
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Summary 

Multiple mutations are required for cancer development, and genome sequencing has 

revealed that several cancers, including breast, have somatic mutation spectra dominated 

by C-to-T transitions228,229,231,233,236-240. The majority of these mutations are unlikely to be 

spontaneous because they occur at hydrolytically disfavored241 non-methylated cytosines 

throughout the genome, and they are sometimes clustered (kataegis)228. Here, we show 

that the DNA cytosine deaminase A3B is the most likely source of these mutational 

events. A3B mRNA is up-regulated in the majority of primary breast tumors and breast 

cancer cell lines, but only detected at low levels in normal breast tissues and mammary 

epithelial cell lines. Endogenous A3B protein is predominantly nuclear and the only 

detectable source of DNA C-to-U editing activity in breast cancer cell line extracts. 

Knockdown experiments show that endogenous A3B is responsible for elevated levels of 

genomic uracil, increased mutation frequencies, and C-to-T transitions. Furthermore, 

induced A3B over-expression causes cell cycle deviations, cell death, DNA 

fragmentation, γ-H2AX accumulation, and C-to-T mutations. The preferred deamination 

signature of recombinant A3B explains a major proportion (~20%) of the entire breast 

cancer base substitution mutation load. Our data suggest a model in which A3B-catalyzed 

deamination provides a chronic source of DNA damage in breast cancer that helps 

explain how some cancers evolve rapidly and manifest gross molecular and clinical 

heterogeneity. As a non-essential protein193 with possible overlapping function in innate 

immunity, A3B may be an attractive marker and therapeutic target for breast cancer and, 

possibly, non-mammary neoplasms where C-to-T mutations and kataegis also 

manifest229,231,233,237,238,240,242.  
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Results and discussion 

Spontaneous hydrolytic deamination of DNA cytosine to uracil (C-to-U) or methyl-

cytosine to thymine is a well-established pro-mutagenic process, which, by DNA 

replication or misrepair, can result in C-to-T transition mutations243. Interestingly, 

methyl-cytosine is 4.5-fold more labile than normal cytosine241, yet in many cancers, 

such as breast, only a minority of mutations occur within methyl-CpG contexts229,236,239. 

This incongruence is compounded by reports of localized TC-to-TT biased mutation 

clusters in breast228 and other neoplasms242. These observations strongly suggest the 

existence of an underlying non-spontaneous mechanism.  

 

Most humans encode a total of eleven polynucleotide cytosine deaminase family 

members that might contribute to mutation in cancer – APOBEC1, activation-induced 

deaminase (AID), APOBEC2, APOBEC3s (A, B, C, D, F, G, and H), and APOBEC4. 

APOBEC2 and APOBEC4 have not shown activity. APOBEC1 and AID are confined 

developmentally and implicated in cancers of those tissues, liver and B lymphocytes, 

respectively39,132. We therefore hypothesized that one or more of the seven APOBEC3s 

may be responsible for C-to-T mutation in other human cancers. This possibility is 

supported by hybridization experiments suggesting APOBEC3 up-regulation in some 

cancers, such as breast10, and qPCR data demonstrating broad APOBEC3 expression 

profiles134 (Fig. 4-S1).  

 

To identify the contributing APOBEC3, we quantified mRNA levels for each of the 11 

family members in a panel of breast cancer cell lines (Fig. 4-S2). Surprisingly, only A3B 
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mRNA trended toward up-regulation. This analysis was expanded to include a total of 38 

independent breast cancer cell lines. A3B was up-regulated by >3 s.d. relative to controls 

in 28/38 lines, with levels exceeding 10-fold in 12/38 lines (Fig. 4-1A and Table 4-S1). 

MDA-MB-453, MDA-MB-468, and HCC1569, representative lines used below, showed 

20-, 21-, and 61-fold up-regulation, respectively. These results correlate with cell line 

microarray data (p=0.027; Fig. 4-1B). No positive correlation was evident for any other 

deaminase family member (Fig. 4-S2). A3B up-regulation is most likely due to an 

upstream signal transduction event because it is not a frequent site of rearrangement or 

copy number variation (http://dbCRID.biolead.org) and sequencing failed to reveal 

promoter activating mutations or CpG islands indicative of epigenetic regulation (Fig. 4-

S3).  

 

Epitope-tagged A3B localizes to the nucleus of several transfected cell types205. To ask 

whether this is also a property of breast cancer cell lines, an A3B-eGFP construct was 

transfected into MDA-MB-453, MDA-MB-468, and HCC1569. Live cell images of A3B-

eGFP showed nuclear localization, in contrast to the cytoplasmic A3F-eGFP or A3G-

eGFP (Fig. 4-1C and 4-S4). Corroborating data were obtained for HA-tagged proteins in 

fixed breast cancer cell lines (Fig. 4-S4). To study endogenous A3B activity and 

subcellular compartmentalization, we used a fluorescence-based DNA C-to-U assay. We 

first found that nuclear fractions of several breast cancer cell lines contain DNA editing 

activity, which could be ablated by shRNA knockdown of A3B (Fig. 4-1D, E and 4-S5). 

Identical results were obtained with an independent shA3B construct (not shown). Protein 

extracts were then used to assess endogenous A3B’s local dinucleotide deamination 
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preference. Similar to retroviral hypermutation signatures caused by A3B over-

expression83, endogenous A3B showed a strong preference for editing cytosines in the 

TC dinucleotide context (Fig. 4-1F). No deaminase activity was observed for extracts 

from MCF10A (A3B-low epithelial line) or SK-BR-3 (A3B-null cancer line), although it 

could be conferred by transfecting an A3B expression construct (Fig. 4-1F and 4-S6). 

Only A3B-eGFP and A3A-eGFP elicited measurable TC-to-TU activity in lysates from 

transfected HEK293T cells (Fig. 4-S7). Since A3A is myeloid lineage-specific128 and 

non-detectable in breast cancer cell lines (Figs. 4-S1 and 4-S2), our studies demonstrate 

that, of the entire APOBEC/AID family, A3B is the only enzyme appropriately 

positioned to deaminate breast cancer genomic DNA.  

 

To address whether endogenous A3B damages genomic DNA, we employed a 

combination of biophysical and genetic assays. We first used a mass spectrometry-based 

approach to quantify levels of genomic uracil in MDA-MB-453 and HCC1569 with high 

levels of endogenous A3B (shControl) versus knock-down levels of A3B (shA3B) (Fig. 

4-2A). Genomic uracil loads decreased by 40% in HCC1569 expressing shA3B, 

corresponding with weaker knockdown, and by 70% in MDA-MB-453 expressing 

shA3B, which had stronger knockdown (Fig. 4-2B and C). Although these relative 

differences may seem modest, 20 and 10 uracils per Mbp, respectively, this equates to 

approximately 60,000 and 30,000 A3B-dependent uracils per haploid genome. These 

values may underestimate the actual number of A3B-catalyzed pro-mutagenic lesions 

because mismatch repair and several base excision repair pathways undoubtedly work to 

counteract this damage. 
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Second, we used a thymidine kinase-positive (TKplus) to TKminus fluctuation analysis128 to 

determine whether up-regulated A3B and elevated uracil loads lead to higher levels of 

mutation (Fig. 4-2D). MDA-MB-453 and HCC1569 cells were engineered to express 

herpes simplex virus TK, which confers sensitivity to the drug ganciclovir. TKplus lines 

were transduced with shA3B or shControl constructs and limiting dilution was used to 

generate single cell shA3B and shControl sub-clones, respectively (Fig. 4-2E). Expanded 

sub-clones were subjected to ganciclovir selection, and resistant cells were grown to 

visible colonies. Colony counts enabled the median mutation frequencies to be 

determined, which revealed that cells with up-regulated A3B accumulate 3-to-5-fold 

more mutations (Fig. 4-2F).  

 

Third, 3D-PCR128,133 was used to ask whether C/G-to-T/A transition mutations 

accumulate at three genomic loci from cells transduced with shA3B and shControl 

viruses resulting in A3Blow and A3Bhigh pools of HCC1569 cells. This technique enables 

qualitative estimates of genomic mutation within a population of cells because DNA 

sequences with higher T/A content amplify at lower denaturation temperatures than 

parental sequences. Lower temperature amplicons were detected for TP53 and c-MYC, 

but not CDKN2B (Fig. 4-2G). Individual low temperature amplicons were cloned and 

sequenced, and more C-to-T transition mutations were observed in A3Bhigh in comparison 

to A3Blow samples (Fig. 4-2H). Other types of base substitution mutations were rare. 

Some C-to-T transitions were still evident in the A3Blow samples, possibly due to residual 

deaminase activity and/or amplification of spontaneous events.  
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Next, we asked whether A3B triggers additional hallmarks of cancer244. We first tried and 

failed to stably express A3B in MCF10A and HEK293 cells. To circumvent toxicity, we 

constructed a panel of HEK293 clones with doxycycline (Dox)-inducible A3B, A3B-

E68A-E255Q, A3A, or A3A-E72A eGFP fusions. As measured by flow cytometry, A3-

eGFP levels were barely detectable without Dox and induced in nearly 100% of cells 

with Dox (Fig. 4-3A). A3A over-expression caused rapid S-phase arrest, cytotoxicity, 

and γ-H2AX focus formation, as reported131 (Fig. 4-3B to F). In comparison, A3B 

induction caused a delayed cell cycle arrest, a more pronounced formation of abnormal 

anucleate and multinucleate cells, and eventual cell death (Fig. 4-3B to E). A3B 

induction also caused γ-H2AX focus formation, DNA fragmentation, as evidenced by 

visible comets, and C-to-T mutations (Fig. 4-3E to H). 

 

We next asked whether our cell-based results could be extended to primary tumors. First, 

we quantified mRNA levels for each of the 11 family members in 21 randomly chosen 

breast tumor specimens, in parallel with matched normal tissue procured simultaneously 

from an adjacent area or the contralateral breast. Only A3B was expressed preferentially 

in tumors (p=0.0003) (Fig. 4-S8). We confirmed this analysis by measuring A3B levels in 

31 additional tumor/normal matched tissue sets. In total, A3B was up-regulated by >3 s.d. 

in 20/52 tumors in comparison to the patient-matched normal tissue mean, and in 44/52 

tumors in comparison to the reduction mammoplasty tissue mean (Fig. 4-4A, p=7.1x10-7 

and p=2x10-5; Table 4-S2 for patient information). These values, though highly 

significant and broadly reflected by microarray data (Supplementary Discussion, Fig. 4-
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S9 and Tables 4-S3 to 4-S10), are underestimates because tumor specimens have 

varying fractions of non-A3B expressing normal cells. Some of the matched ‘normal’ 

samples may also be contaminated by tumor cells, as judged by comparisons to mean 

levels in mammoplasty samples (Fig. 4-4A; p=0.002). The related deaminase, A3G, was 

not expressed differentially in the same tumor panel, indicating that these observations 

are not due to immune cells known to express multiple A3s134 (Fig. 4-4B; p=0.591).  

 

Finally, we determined the impact of A3B on the breast tumor genome by correlating 

recombinant A3B’s deamination signature in vitro and the somatic mutation spectra 

accumulated during tumor development in vivo. Using a series of single-stranded DNA 

substrates varying only at the immediate 5’ or 3’ position relative to the target cytosine 

(underlined), we found that recombinant A3B prefers TC>CC>GC=AC (Fig. 4-S10,; 

similar to endogenous A3B in Fig. 4-1F) and CA=CG=CT>CC (Fig. 4-4C). These local 

sequence contexts were then compared to those for C-to-T transitions reported for 

breast228,239, melanoma245, liver246, and lung247 tumors. Consistent with non-spontaneous 

origins, C-to-T transition loads are much greater in melanoma (~80%) and breast (~40%) 

than liver (~20%) and lung (~20%) tumors (Fig. 4-4D). The local sequence contexts for 

C-to-T transitions are even more striking, with flanking T and C in melanoma (TCC) and 

T and A in breast cancer (TCA) (Fig. 4-4E and 4-S11). The melanoma pattern is 

expected due to error-prone DNA synthesis (A insertion) opposite UV-induced 

pyrimidine dimers. In contrast, the preferred context of C-to-T transitions in two 

independent breast cancer somatic mutation data sets, one including kataegis, mirrors the 

in vitro preference of recombinant A3B (Fig. 4-4E and 4-S11).  
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Taken together, we conclude that A3B is the only DNA deaminase family member with 

expression and activity profiles consistent with a role in deaminating the breast cancer 

genome and causing the reported C-to-T mutation biases and localized kataegis 

events228,229,236,239. Other mutational patterns are evident in breast cancers suggesting 

additional processes at work228. However, some of these other patterns may also be due to 

A3B activity via further processing by ‘repair’ enzymes into transitions, transversions, 

and even DNA breaks that may precipitate larger-scale rearrangements (Fig. 4-S12). 

Future work is needed to understand the regulation of A3B and its interplay with other 

oncogenes and tumor suppressors. For example, a possible mechanistic linkage between 

A3B and TP53 is suggested by a near-significant correlation (p=0.071) between A3B up-

regulation and TP53 inactivation in the ATCC breast cancer cell line panel, whereas other 

common markers do not correlate (Tables 4-S1, 4-S2 and Fig. 4-S13). TP53 inactivation 

helps reconcile our observations that many tumor cells and cell lines are able to tolerate 

up-regulated A3B, whereas other cell lines succumb to toxic genomic DNA damage upon 

enforced A3B over-expression (e.g., Fig. 4-3). 

 

Although the A3B-dependent mechanism described here may impact the majority of 

breast cancers, this is not always the case as an A3B deletion193 is homozygous in 2/38 

breast cancer cell lines and 1/52 tumors (Figs. 4-1 and 4-4). This natural variation creates 

opportunities for clinical studies. For instance, one study reported a non-significant 

negative correlation with A3B status and breast cancer in Japan248, where A3B deletions 

are prevalent193. Large cohorts will be needed to address whether A3B status and/or 
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expression levels correlate with molecular and clinical features of breast cancer. It will be 

interesting to ask whether the 2-to-3-fold higher incidence of breast cancer in the United 

States versus Japan249 is partly attributable to the differential prevalence of A3B. 

 

We provide the first direct evidence for active involvement of the DNA deaminase A3B 

in breast cancer. Conceptually supportive of the original mutator hypothesis250, A3B-

catalyzed genomic DNA deamination could provide a major source of genetic fuel for 

cancer development, metastasis, and even resistance to therapy. We propose that A3B is a 

dominant underlying factor that contributes to tumor heterogeneity by broadly affecting 

multiple pathways and phenotypes. A3B represents a new marker for breast cancer and a 

strong candidate for targeted intervention, especially given its non-essential nature193. 

A3B inhibition in evolving tumors may decrease mutation rates and thereby stabilize the 

cellular targets of existing therapeutics and anti-cancer immune responses (e.g., A3B 

inhibitors used in combination with therapies that are frequently undermined by 

resistance mutations). 
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Supplemental Discussion 

Why has A3B eluded identification as an oncogene prior to this study? The most 

likely explanation is that the A3B gene shares a high level of sequence identity (in some 

regions nearly 100%) with the 10 other APOBEC family members. Therefore, the short 

oligonucleotides used as probes on microarrays are not capable of identifying any single 

APOBEC, simply an overall total for different cross-hybridizing mRNA species. This 

issue is illustrated in tabular format in Tables 4-S3 to 4-S10. For instance, the commonly 

used Affymetrix Genechip Human Genome Array U133A has 11 probes intended for 

A3B detection (Table 4-S3 and 4-S5). Of these probes, nine are not specific, with 22/25 

or 23/25 nucleotides identity to A3A and/or A3G. Similar non-specificities (and even 

complete off-target designs) were evident for the other APOBEC3 probe clusters (Tables 

4-S3 to 4-S10). 

Nevertheless, with knowledge of these limitations, useful information can still be 

derived from published microarray data sets. In particular, robust comparisons with 

microarray data become possible for breast cancer cell lines, which are clonal and do not 

express A3A (this gene is only expressed in myeloid lineage cells106,128,134,251) (Fig. 4-S1 

and 4-S2). A strong, positive correlation is evident between our A3B qPCR 

measurements and reported microarray values for A3B in the ATCC breast cancer cell 

line panel (Fig. 4-1B; Cancer Cell Line Encyclopedia, 

http://www.broadinstitute.org/ccle/home).  

However, the situation is more complex for microarray studies of human 

neoplasms, which are invariably a montage of tumor and multiple surrounding/infiltrating 

normal cell types. Moreover, depending on the stringency of hybridization and the 
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particular sample being analyzed, A3A and A3G sequences may easily outcompete 

potential A3B target sequences (e.g., A3G is higher than A3B in most samples that we 

analyzed; Fig. 4-4 and 4-S8). Regardless, in comparisons of large published microarray 

data sets, we were still able to detect significant A3B up-regulation in tumor versus 

normal tissues (n=285 and n=22; p-value <10-6; Table 4-S3). As expected by the non-

specificity of several probe sets, highly significant differences were also seen for the 

“A3A” and “A3F,G” probe sets, which are both predicted to cross-hybridize with A3B 

mRNA (Tables 4-S4 and 4-S7). In comparison, probe sets with low identity to A3B 

showed no significant correlation (e.g., A3C; Table 4-S6). As shown in Fig. 4-S9, near-

identical expression values for 62 housekeeping genes between different microarray data 

sets provides strong confidence that this approach is detecting over-expression of an 

APOBEC3 gene in tumor versus normal samples. This situation mirrors our original 

hybridization results10. However, combined with the data sets shown here, we are 

confident in our conclusion that this up-regulated APOBEC3 gene is indeed only A3B. 

 A secondary explanation for why A3B has proven elusive up to now is that the 

short read lengths generated during deep-sequencing (RNA-Seq) are difficult to assign 

unambiguously to members of repetitive gene families such as the APOBEC3s, resulting 

in sequence mis-assignment or exclusion at the grooming stage of bioinformatic analysis. 

A final explanation is that the A3B gene is not a hotspot for gross chromosome 

abnormalities (database of Chromosomal Rearrangements In Diseases252, 

http://dbCRID.biolead.org), which might have been found by classical cytogenetic 

techniques253 or, more recently, by deep sequencing228,239.  
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Methods 

Flash frozen breast tumor and matched normal tissue pairs were obtained from the 

University of Minnesota Tissue Procurement Facility. Samples were chosen randomly 

with breast cancer and available matched normal tissue being the only selection criteria. 

Mammary reduction samples were used as non-cancer controls. These studies were 

performed in accordance with IRB guidelines (IRB study number 1003E78700). The 

breast cancer cell line panel 30-4500K was obtained from the ATCC and cultured as 

recommended. RNA isolation, cDNA synthesis, and qPCR procedures were performed as 

reported134 (Table 4-S11). Knockdown and control shRNA constructs were obtained 

from Open Biosystems. Microscopy, cellular fractionation and deaminase activity assays 

were done as described128,205. Genomic uracil was quantified by treating DNA samples 

with uracil DNA glycosylase, purifying the nucleobase from the remaining DNA and 

analyzing the samples by mass spectrometry. The TK assay and 3D PCR have been 

described and were modified for use with breast cancer cell lines128. Dox-inducible cells 

were obtained from Invitrogen and stables were created with the indicated constructs. 

These lines were analyzed for cell cycle arrest using propidium iodide staining and cell 

viability with crystal violet staining and the MTS assay. DNA damage was measured by 

the comet assay and by flow cytometry and microscopy of cells immunostained for γ-

H2AX. Recombinant A3B195-382-mycHis was purified and used for deamination 

kinetics as described136 using 5'-

ATTATTATTATNCNAATGGATTTATTTATTTATTTATTTATTT-6-FAM (NCA and 

TCN for 5’ and 3’ preference experiments, respectively). The somatic single nucleotide 

mutation frequencies with local sequence contexts were determined from published 
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primary tumor genomes228,239,245-247. Potential mechanistic overlap with hydrolytic 

deamination of 5-methyl-cytosines was avoided by excluding CpG dinucleotides from 

mutational preference calculations.  

 

Additional Methods 

 

RNA isolation, cDNA synthesis, and qPCR.  

Matched tumor/normal breast tumors and mammary reduction samples from the 

University of Minnesota TPF and breast cancer cell lines 30-4500K from the ATCC were 

used for RNA isolation, cDNA synthesis and qPCR as described134. Tissue RNA was 

from 100 mg flash-frozen tissue disrupted by a 2 h water bath sonication in 1 mL of 

Qiazol Lysis Reagent (RNeasy, Qiagen). Cell RNA was made using Qiashredder 

(RNeasy, Qiagen). qPCR was performed on a Roche Lightcycler 480 instrument. The 

housekeeping gene TBP was used for normalization. Statistical analyses for matched 

tissues were done using the Wilcoxson signed-rank test, and unmatched sets with the 

Mann-Whitney U-test (Graphpad Prism). Primer and probe sequences are listed in Table 

4-S11. 

 

Knockdown constructs.  

A3B shRNA and shControl lentiviral constructs were from Open Biosystems through the 

BMGC RNAi Core (TRCN0000157469, TRCN0000140546, and scramble). Helper 

plasmids pdelta-NRF, containing HIV-1 gag, pol, rev, and tat genes, and pMDG, 

containing the VSV-G env gene, were co-transfected in HEK293T cells. Cell-free 
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supernatants were harvested and concentrated by centrifugation (14,000 g x 2 h). Stable 

transductants were selected with puromycin (1 µg/ml). 

 

Cell fractionation and DNA deaminase activity assays.  

Cellular fractionation was performed as described by syringe treatment of 107 cells in 0.5 

mL of hypotonic buffer235. Nuclei were lysed by sonication in lysis buffer (25 mM 

Hepes, pH7.4, 250 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM EDTA, 1 mM 

MgCl2, 1 mM ZnCl2). Anti-histone H3 (1:2000; Abcam) and anti-tubulin (1:10,000; 

Covance) followed by anti-mouse 800 or anti-rabbit 680 (1:5000; Licor) immunoblots 

were used to assess fractionation. Lysates were tested in a fluorescence-based deaminase 

activity assay128. Dilutions were incubated 2 h at 37°C with a DNA oligonucleotide 5’-(6-

FAM)-AAA-TTC-TAA-TAG-ATA-ATG-TGA-(TAMRA). Fluorescence was measured 

on SynergyMx plate reader (BioTek). Local dinucleotide preferences in extracts were 

analyzed similarly using 5’-AC, CC, GC, or TC at the NN position of 5’-(6-FAM)-ATA-

ANN-AAA-TAG-ATA-AT-(TAMRA). 

 

Genomic uracil quantifications.  

Genomic DNA was prepared from shA3B of shControl cells transduced and cultured for 

21 days. Samples were spiked with heavy (+6)-labeled uracil (C13 and N15; Cambridge 

Isotopes) and treated with UDG (NEB). Uracil was purified using 3,000 MWCO columns 

(Pall Scientific) and SPE (Carbograph, Grace). Samples were resuspended in water 

containing 0.1% formic acid. Analyses were performed on a capillary HPLC-ESI+-

MS/MS (Thermo-Finnigan Ultra TSQ mass spectrometer, Waters nanoACQUITY 
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HPLC). The MS was operated in positive ion mode, with 3.0 kV typical spray voltage, 

250ºC capillary temperature, 67 V tube lens offset, and nitrogen sheath gas (25 counts). 

Argon collision gas was used at 1.1 mTorr. MS/MS analyses were performed with a scan 

width of 0.4 m/z and scan time of 0.1 s. The Hypercarb HPLC column (0.5 mm x100 

mm, 5 µm, Thermo Scientific) was maintained at 40ºC and a flowrate of 15 µL/min. 

Solvents were 0.1% formic acid and acetonitrile. A linear gradient of 0% to 8% 

acetonitrile in 8 min was used, followed by an increase to 80% acetonitrile over 7 min. 

Uracils eluted at 11.5 min. Selected reaction monitoring was conducted with collision 

energy of 20V using the transitions: m/z 113.08 [M+H+]→70.08 [M-CONH]+ and m/z 

96.08 [M-NH2]+ for uracil, while the internal standard ([15N-2, 13C-4]-uracil) was 

monitored by the transitions m/z 119.08 [M+H+]→m/z 74.08 [M-CONH]+ and m/z 

101.08 [M-NH2]+ respectively. Internal standards were used for quantification. 

 

TK fluctuations.  

TK-neo was introduced into MDA-MB-453 and HCC1569 cells as described128. TKplus 

cells were transduced with shA3B or shControl lentiviruses and subcloned by limiting 

dilution. 106 cells from each expanded subclone population were subjected to ganciclovir 

and incubated until colonies outgrew. Frequencies were determined by applying the 

method of the median254. 

 

3D-PCR and sequencing.  

DNA was harvested from Ugi-expressing255 T-REx-293 clones or HCC1569 cells 

transduced with shA3B or shControl lentiviruses. 3D-PCR was done using Taq (Denville 
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Scientific) as described128. Primers sequences available upon request. PCR products were 

analyzed by gel electrophoresis with ethidium bromide, PCR purified (Epoch), blunt-end 

cloned into pJET (Fermentas), sequenced with T7 primer (BMGC), and aligned and 

analyzed with Sequencher software (Gene Codes Corporation).  

 

Cell cycle experiments.  

T-REx-293 cells (Invitrogen) were transfected with pcDNA5/TO A3-GFP using TransIT-

LT1 (Mirus) followed by clone selection using hygromycin. Cells were induced with 1 

µg/mL Dox (MP Biomedicals 198955) for the indicated times then trypsinized and fixed 

with 4% paraformaldehyde in PBS. Cell pellets were resuspended in 0.1% Triton X 100, 

20 µg/mL propidium iodide and 40 µg/mL RNase A (Qiagen) in PBS for 30 min and the 

DNA content and GFP induction measured by flow cytometry (BD Biosciences FACS 

Canto II) and analyzed with FlowJo and GraphPad Prism.  

 

Cell viability assays.  

Cells were plated into multiple 96 well plates (2500 cells/well) and measured at the days 

indicated. The MTS reagent and PMS reagents were used as directed (Promega, Celltiter 

Aq 96). Absorbance was measured at 490 nm (PerkinElmer 1420 Victor 3V). The results 

were normalized to untreated cells. For crystal violet staining wells of a six well plate 

were plated with 2 x 105 cells. Half of the wells were induced with 1 ug/mL Dox. A 

crystal violet (0.5%), methanol (49.5%), water (50%) solution was used to stain cells 

after seven days.  
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DNA damage experiments.  

Flow cytometric analysis of γ-H2AX foci was adapted256. Fixed cells were incubated 

overnight in 0.2% Triton-X 100, 1 % BSA in PBS (blocking buffer) with 1:100 rabbit 

anti-γ-H2AX (Bethyl A300-081A). Secondary incubation was with goat anti-rabbit 

TRITC (Jackson 111025144) for 3 hrs before flow cytometry (BD Biosciences FACS 

Canto II) and analysis (FloJo and GraphPad). For microscopy, HEK293 cells were 

induced with 1 ug/mL of Dox before fixation with 4% paraformaldehyde and incubation 

with 1:50 anti-γ-H2AX conjugated to Alexa 647 (Cell Signaling 20E3) in blocking buffer 

for 3 hours. The cells were stained with 0.1% Hoechst dye and imaged at 20x or 60x 

(Deltavision) and deconvolved (SoftWoRx, Applied Precision). 

 

Comet Assays.  

As described257, microscope slides were coated with 1.5% agarose and dried. Low 

melting agarose (0.5% in PBS) was combined 1:1 with HEK293T cells transfected with 

A3A-eGFP (1 d) or A3B-eGFP (6 d). 10,000 cells were added to coated slides and the 

cells were lysed overnight in 10 mM Tris, 100 mM EDTA, 2.5 M NaCl, 1% Triton X-

100. Slides were incubated for 10 min in running buffer (300 mM NaOH, 1 mM EDTA 

pH 13.1) then run at 0.75 V/cm 30 min. Gels were neutralized with 0.4 M Tris-Cl pH 7.5 

and treated with RNase A (Qiagen). The microgels were allowed to dry and comets were 

visualized using propidium iodide. 

Microarray comparisons. Affymetrix GeneChip microarray data were reported 

previously by others. Tripathi et al.258 (GEO ID GSE9574) and Graham et al.259 (GEO ID 

GSE20437) reported data for 15 and 7 reduction mammoplasty samples, respectively. 
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Tabchy et al.260 (GEO ID GSE20271) reported data for 178 stage I-III breast cancers 

(procured at 6 sites worldwide), and Lasham et al.261 (GEO ID GSE36771) reported data 

for 107 primary breast tumors. NCBI GEO resources were used to obtain raw data sets 

for additional analyses (CEL files). Next, we used the RMA algorithm (510K FDA 

approved) of the Expression Console Software (Affymetrix) with the standard settings to 

re-analyze the data for all 307 subjects. Since data sets from multiple independent studies 

were used, we normalized all tumor data with respect to the normal data in order to be 

able to perform comparisons. More specifically, we projected all tumor data into the 

space of the normal data by performing a non-linear normalization employing the 

following mathematical function: 

 

 

      

(1) 

 

In Eq. (1), Xn is the new, normalized variable; Xo is the old variable; Rn is the magnitude 

of the range of the new space; Ro is the magnitude of the range of the old space; m is the 

median of the old variable; and Nmin is the minimum of the range of the new space. 62 

housekeeping genes were used to assess these normalization methods, and a strong 

positive correlation was found between each independent data set (e.g., Fig. 4-S9). 

Having performed the same normalization method to all APOBEC3 genes, we were able 

to obtain expression data for the tumor versus normal samples (Table 4-S3). As 

previously262-266, we assessed statistical significance using three different methods: i) t-
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Test (Mann-Whitney for non-parametric variables) with the significance level adjusted to 

α = 0.007143 to account for seven comparisons, ii) fold-change defined as the ratio of the 

mean expression of the cancer group over the mean expression of the normal group 

(FC=C/N), and iii) ROC AUC. We performed ROC curve analysis on all seven 

APOBEC3 probe clusters to assess their discriminating power with respect to the two 

groups (cancer versus normal). As can be seen in Table 4-S3, the probe sets 

corresponding to A3A, A3B, and A3(F,G) are deemed to have significant differential 

expression according to all three methods. 
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Figure 4-1. A3B up-regulation and activity in breast cancer cell lines. (A) A3B levels 

in the indicated breast cancer cell lines (red circles, n=40 including two sister pairs SK-

BR-3/AU565 and MDA-MB-453/MDA-kb2) and non-cancerous cell lines (blue squares, 

n=6 including one sister pair MCF10A/F). Each data point is the mean A3B level of three 

qPCR reactions presented relative to mRNA levels of the constitutive housekeeping gene 

TBP (s.d. shown unless smaller than the data point). Data are arranged from lowest to 

highest A3B expression level. Cell lines used in mechanistic studies are labeled. (B) 

Positive correlation between A3B qPCR data and microarray data (n=39; see 

Supplementary Discussion). Cell lines used in mechanistic studies are labeled. (C) A3B-
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eGFP (green) co-localizes with nuclear DNA (Hoescht-stained blue), whereas A3F-eGFP 

is cytoplasmic, in the indicated breast cancer cell lines. MDA-MB-468 shows some 

cytoplasmic A3B-eGFP localization, but is still predominantly nuclear. (D) A3B mRNA 

levels in the indicated breast cancer cell lines stably transduced with shControl or shA3B 

lentiviruses. (E) Nuclear DNA C-to-U activity in extracts from the indicated breast 

cancer cell lines transduced as in (d) (n=3). s.d. shown unless smaller than data point. (F) 

Intrinsic dinucleotide DNA deamination preference of enzyme(s) in soluble extracts from 

the indicated cell lines (n=3; s.d. is smaller than each data point).  
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Figure 4-2. A3B-dependent uracil lesions and mutations in breast cancer genomic 

DNA. (A) Workflow for genomic uracil quantification by UPLC-MS. (B) A3B mRNA 

levels in the indicated breast cancer cell lines stably transduced with shControl or shA3B 

lentiviruses. (C) Steady-state genomic uracil loads per mega-basepair (Mbp) in the 

indicated breast cancer cell lines expressing shControl or shA3B constructs. (D) 

Workflow for TK fluctuation analysis. (E) A3B mRNA levels in TKplus MDA-MB-453 

and HCC1569 lines expressing shControl or shA3B constructs. (F) Dot plots depicting 
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the TKminus mutation frequencies of MDA-MB-453 and HCC1569 subclones expressing 

shControl or shA3B constructs. Each dot corresponds to one subclone, and median values 

are indicated for each condition. (G) Agarose gel analysis of 3D-PCR amplicons obtained 

using primers specific for the indicated target genes and genomic DNA prepared from 

HCC1569 cells expressing shControl or shA3B constructs. The denaturation temperature 

range is indicated above each gel. (H) Pie charts depicting the C/G-to-T/A mutation load 

in 3D-PCR products after cloning and sequencing (n>35 per condition). Charts align with 

target genes labeled in (G).  
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Figure 4-3. Cancer phenotypes triggered by inducing A3B over-expression. (A) The 

percent fluorescence for the indicated HEK293-derived A3-eGFP cell lines in absence or 

presence of Dox (corresponding immunoblot below). (B) Cell cycle status of the 

indicated cell lines at the indicated time points (comparisons made relative to each line 

uninduced). (C) Cell viability of the indicated cell populations using the MTS assay at 

the indicated time points post-Dox addition (comparisons made relative to each line 

uninduced). (D) Toxicity of induced A3A-eGFP and A3B-eGFP. Colonies were stained 
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with crystal violet 8 days post-Dox treatment. (E, F) Representative fields of cells 

imaged for γ-H2AX and A3A-eGFP (1 day) or A3B-eGFP (3 days) post-Dox treatment 

and quantitative γ-H2AX flow cytometry over several days. Abnormal, multinuclear cell 

clusters are typical of induced A3B-eGFP expression (highlighted by white arrows; 

classified as abnormal cells in ‘B’). (G) Representative images of comets due to DNA 

fragmentation induced by A3A-eGFP or A3B-eGFP. (H) Pie diagram of C/G-to-T/A 

mutations in TP53 detected by sequencing 3D-PCR products from A3A- or A3B-eGFP 

expressing cells, 2 or 4 days post-Dox treatment, respectively (n>12 clones per 

condition). 
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Figure 4-4. A3B up-regulation and mutational signatures in breast tumors.  

(A) A3B mRNA levels in reduction mammoplasty samples (green triangles, n=28) and 

matched sets of breast tumor in comparison to adjacent or contralateral normal tissue (red 

circles and blue squares, respectively, n=52). Each data point is the mean A3B level of 

three qPCR reactions presented relative to mRNA levels of the constitutive housekeeping 

gene TBP (s.d. shown unless smaller than data point). Mean A3B levels are 0.025 

(reduction), 0.26 (tumor), and 0.072 (normal). Data are arranged from lowest to highest 

A3B expression level. (B) A3G levels in the same samples as in (a). Average A3G levels 

are 1.00 (reduction), 1.45 (tumor), and 1.31 (normal) relative to TBP. (C) A3B catalytic 
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domain deamination kinetics using single-stranded DNA substrates that vary only at the 

3’ position relative to the target cytosine. (D) Histogram depicting the percentage C-to-T 

of the total number of somatic mutations in the indicated tumors (total somatic mutations: 

lung 50489, liver 654879, melanoma 2798, breast 183916, breast triple negative 6964).  

(E) Nucleotide frequencies proportional to font size immediately 5’ and 3’ of genomic 

cytosines (expected) or the C-to-T mutated cytosine in cancers of the liver, skin, breast, 

or breast (triple negative). The next nucleotide preferences for recombinant A3B are 

derived experimentally from catalytic efficiencies (panel C & Fig. 4-S10; additional 

comparisons in Fig. 4-S11). 
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Figure 4-S1. Expression profiles for APOBEC family members in human cell lines 

and tissues. A heat-map summary of qPCR data showing relative APOBEC3 (A3), AID, 

APOBEC1 (A1), APOBEC2 (A2), and APOBEC4 (A4) mRNA expression levels in the 

indicated cell lines and tissues. The data are relative to the median AID mRNA level in 

spleen and presented in log2 format. The average of three independent qPCR reactions 

was used for each condition. Data for the normal tissues, excluding PBMCs and breast 

tissue, were reported previously [Refsland et al. (Ref. 17)]. They were recalculated and 

presented here in log2 format for comparative purposes and to emphasize the general 

observation that A3B is low or almost undetectable in every normal tissue that we have 

examined to date. 
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Figure 4-S2. Full expression profiles for APOBEC family members in a panel of 

representative cell lines. The indicated cell lines were used to generate cDNA for qPCR 

analyses of the full human APOBEC repertoire. Each data point is mean mRNA level of 

three qPCR reactions presented relative to mRNA levels of the constitutive housekeeping 

gene TBP (s.d. shown as a bar unless smaller than the data point). Relevant A3B data are 

also presented in Fig. 4-1A in the context of the full panel of normal and breast cancer 

cell lines. 
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Figure 4-S3. A3B promoter region sequence analysis. Schematic of the A3B genomic 

locus depicting flanking genes (blue), exons (red), deaminase domain exons (red with Z 

label), promoter region (green), and position of the 29.5kb deletion allele. Below, an 

enlarged schematic of the A3B promoter region showing the most common SNPs (above) 

and minor alleles (below). Allele frequencies are indicated as percentages 

(www.ncbi.nlm.nih.gov/projects/SNP/). Nucleotide positions are labeled relative to the 

transcription start site (+1). The promoter regions of the indicated cell lines are identical 

except at the nucleotides shown. 
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Figure 4-S4. Additional live and fixed breast cancer cell localization 
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data. A3B-eGFP (green) co-localizes with nuclear DNA (Hoescht-stained blue), whereas 

A3G-eGFP is cytoplasmic, in the indicated breast cancer cell lines. MDA-MB-468 shows 

some cytoplasmic A3B-eGFP localization, but is still predominantly nuclear. A3B-HA, 

A3G-HA, and A3F-HA (not shown) in fixed cells have localization patterns similar to 

those of live cell eGFP-tagged proteins. In many cases, A3B-HA is more nuclear, perhaps 

owing to background caused by internal translation initiation and cell-wide expression of 

the eGFP protein alone.
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Figure 4-S5. A3B is active in the nuclear protein fraction of multiple breast cancer 

cell lines. (A) A3 mRNA levels in the indicated breast cancer cell lines. Each column is 

mean +/- s.d. of three qPCR reactions presented relative to mRNA levels of the 

constitutive housekeeping gene TBP. Red and blue bars represent expression data from 

cells stably transduced with shControl or shA3B lentivirus, respectively. (B) A3B-

dependent DNA deaminase activity in the nuclear (Nuc) and cytoplasmic (Cyt) fractions 

obtained from the cell lines in (A). The fractionation was cleaner in MDA-MB-453 and 

MDA-MB-468 lines than HCC1569, but all detectable deaminase activity was still 

dependent on A3B. (C) Immunoblots showing the distribution of histone H3, a nuclear 
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protein, and tubulin, a cytoplasmic protein, in the protein preparations used in (B) to 

confirm efficient sub-cellular fractionation. 
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Figure 4-S6. DNA deaminase activity in A3B-low cell types. 

Nuclear DNA C-to-U activity in extracts from SK-BR-3 and MCF10A transfected 

transiently with A3B-eGFP, A3B-E255Q-eGFP, or eGFP expression constructs. The 

higher activity levels in SK-BR-3 nuclear lysates are due to higher transfection 

efficiencies (30-40%), in comparison to MCF10A (1-5%). Mean values are shown with 

s.d. indicated unless smaller than the symbol (n=3). 

 



 

 132 

 

Figure 4-S7. Deaminase activity of HEK293T cell extracts with individual over-

expressed A3 proteins. Mean DNA C-to-U activity in whole cell extracts of HEK293T 

cells transfected with the indicated A3-eGFP expression constructs (n=3 per condition; 

s.d. shown). Activity was only detected in lysates from cells transfected with A3A- or 

A3B-eGFP. The corresponding anti-GFP immunoblot shows levels of each A3 (white 

asterisks), and the anti-tubulin blot indicates similar protein levels in each lysate. 
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Figure 4-S8. Discovery data set - APOBEC family member expression profiles for 

21 randomly selected sets of matched breast tumor and normal tissue. 21 

representative breast tumor samples and the matched normal control tissues were used to 

synthesize cDNA for qPCR analyses of the full human APOBEC repertoire. Each data 

point is the mean mRNA level of three qPCR reactions presented relative to mRNA 

levels of the constitutive housekeeping gene TBP (s.d. shown as a bar unless smaller than 
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the data point). P-values are indicated except those AID, A1, A2, and A4 where the 

majority of samples had no detectable mRNA for these targets. A3B emerges as the only 

differentially up-regulated family member in tumor versus matched normal tissues. A3C 

shows an inverse correlation. Samples are presented in order of an arbitrarily assigned 

patient number. The A3B and A3G data were merged with 31 validation set samples for 

presentation in Fig. 4-4.  
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Figure 4-S9. Microarray housekeeping gene comparisons. Expression values for 62 

housekeeping genes between different microarray data sets. 
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Figure 4-S10. A3B local deamination preferences. Oligo cleavage assays testing the 

effect of the 5’ or 3’ nucleotide (TC>GC>AC=CC) on A3B cytosine deaminase activity. 
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Figure 4-S11. C-to-T transition mutation contexts in vivo versus in vitro. Data for 

non-small cell (NSC) lung cancer and breast cancer genomic kataegis events are included 

here, in addition to data from Fig. 4e, for comparison. The distribution of C-to-T 

transition mutation contexts in melanoma245 is consistent with the established mechanism 

of error-prone DNA polymerase misinsertion of A’s opposite UV-induced pyrimidine 

dimers, which through replication or repair become transition mutations. In contrast, the 

distribution of C-to-T transition mutation contexts in liver and lung cancers246,247 strongly 

resembles the actual distribution of cytosines in the human genome (i.e., the C-to-T 

transition mutations in these tumors appear context independent consistent with other 

underlying mutational mechanisms). In further contrast, the distribution of C-to-T 

transition mutation contexts in 21 full breast tumor genome sequences228 and 100 triple-

negative breast tumor exome sequences239 strongly resembles the local deamination 

preference of recombinant A3B with prominent 5’-T and 3’-A or T (not C) flanking 

nucleotide biases. This bias is even further exaggerated in regions of kataegis, which may 

represent exposed single-stranded DNA regions in vivo that may be subjected to high-

frequency A3B-dependent DNA deamination and different repair mechanisms. 
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Figure 4-S12. DNA deamination model for A3B in cancer. Deamination of genomic 

DNA cytosines by up-regulated A3B leads to uracil lesions, which can be repaired 

faithfully or can lead to at least three possible outcomes: i) C-to-T transitions by direct 

DNA synthesis (lower outcome), ii) DNA double-stranded breaks by uracil excision and 

opposing abasic site cleavage (upper right outcome), and iii) transversions or transition 

mutations by error-prone DNA synthesis or aberrant repair (TLS pol = translesion 

synthesis DNA polymerase). 
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Figure 4-S13. A3B up-regulation and TP53 inactivation in the ATCC breast cancer 

cell line panel. A simple plot of A3B mRNA levels in TP53 positive versus TP53 mutant 

breast cancer cell lines from the ATCC (n=38; full list of cell lines in Table 4-S1).  
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Figure 4-S14. Evidence for A3B up-regulation and genomic mutation in TCGA 

breast cancer data sets. (A) A3B expression relative to TBP in 98 breast tumors (red 

circles) and matched normal tissues (blue squares) as determined by RNAseq data in the 

TCGA database (https://tcga-data.nci.nih.gov/tcga/). The red dashed line indicates 3 s.d. 

above the mean A3B relative to TBP level in the normal samples. Based on this stringent 

cut-off, A3B is up-regulated in 50% of tumors (p<0.0001 by Wilcoxon-signed-rank). 

These data sets were selected based on availability of matched tumor and normal 

RNAseq data and tumor exome sequencing data. A3B levels relative to TBP were 
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calculated using the normalized counts from RNAseq for each gene. (B) A3G expression 

in the same tumor and normal samples, determined as above. A3G expression is not 

significantly different between tumor and matched normal samples (p=0.0680 by 

Wilcoxon signed-rank). (C) Dot plots of the total somatic mutation load per exome for 

the 98 samples in (A) and (B). The data divided into three groups, as shown, from A3B-

low to A3B-high. The median mutation loads for the lowest and middle groups are not 

significantly different, whereas the median between the lowest and the highest A3B-

expressing group is significantly different (median values of 32 and 68 somatic mutations 

per exome, respectively; p values determined by Mann Whitney U test). (D) Nucleotide 

frequencies proportional to font size immediately 5’ and 3’ of genomic cytosines 

(expected) or the C-to-T mutated cytosine in the bottom and top one-third of A3B-

expressing tumors from above. There are significant increases in both 5’T and 3’T in the 

A3B-high tumors, which is a signature that strongly resembles the A3B preferences in 

vitor and is apparent in other breast cancer genomic mutation data sets (Fig. 4-4 and 4-

S11). (E) A3B levels are significantly higher in tumors with TP53 mutations (p values 

determined by Mann Whitney U test). Exome sequences (MAF files) were used to 

identify potentially inactivating mutations in the TP53 gene, which enabled the A3B data 

points to be separated into two groups. Silent mutations were ignored, and other 

mechanisms for TP53 inactivation were not considered (e.g., MDM2 over-expression). 

These data are analogous to similar trends observed with breast cancer cell lines (Fig. 4-

S13). 
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Table 4-S4. Affymetrix microarray HG-U133A A3A probe (cross)hybridization within 
the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target gene* 
(RefSeq) 

Probe set 210873_x_at A B C D* F G H* 

APOBEC3A 

NM_145699 
GCTCACAGACGCCAGCAAAGCAGTA 25/25 22/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GACGCCAGCAAAGCAGTATGCTCCC 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GCAGTATGCTCCCGATCAAGTAGAT 25/25 22/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  AAAAAATCAGAGTGGGCCGGGCGCG 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GAGGCAGGAGAGTACGTGAACCCGG 24/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  AACTGAAAATTTCTCTTATGTTCCA 25/25 24/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  CTCTTATGTTCCAAGGTACACAATA 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GATTATGCTCAATATTCTCAGAATA 25/25 24/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TTTGGCTTCATATCTAGACTAACAC 24/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GAATCTTCCATAATTGCTTTTGCTC 25/25 21/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TAATTGCTTTTGCTCAGTAACTGTG 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Table 4-S5. Affymetrix microarray HG-U133A A3B probe (cross)hybridization within 
the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target gene* 
(RefSeq) 

Probe set 206632_s_at A B C D* F G H* 

A3B 

NM_004900 
CTACGATGAGTTTGAGTACTGCTGG 22/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  CACCTTTGTGTACCGCCAGGGATGT 23/25 25/25 ≤20/25 ≤20/25 ≤20/25 23/25 ≤20/25 

  GAAATGCAAACGAGCCGTTCACCAC 22/25 22/25 ≤20/25 ≤20/25 ≤20/25 22/25 ≤20/25 

  ACCAGCAAAGCAATGTGCTCCTGAT ≤20/25 25/25 ≤20/25 ≤20/25 ≤20/25 22/25 ≤20/25 

  AGCAATGTGCTCCTGATCAAGTAGA 22/25 25/25 ≤20/25 ≤20/25 ≤20/25 22/25 ≤20/25 

  ATGTGCTCCTGATCAAGTAGATTTT 22/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TGTTCCAAGTGTACAAGAGTAAGAT 22/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TTATGCTCAATATTCCCAGAATAGT 23/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  ATTCCCAGAATAGTTTTCAATGTAT 23/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GAAGTGATTAATTGGCTCCATATTT ≤20/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TAATTGGCTCCATATTTAGACTAAT ≤20/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Table 4-S6. Affymetrix microarray HG-U133A A3C probe (cross)hybridization 
within the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target 
gene* 

(RefSeq) 

Probe set 209584_x_at A B C D* F G H* 

A3C 

NM_14508 
AAGGGGTCGCTGTGGAGATCATGGA ≤20/25 ≤20/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TAATGAGCCATTCAAGCCTTGGGAA ≤20/25 ≤20/25 24/25 23/25 23/25 ≤20/25 ≤20/25 

  CCAACTTTCGACTTCTGAAAAGAAG ≤20/25 ≤20/25 25/25 25/25 ≤20/25 ≤20/25 ≤20/25 

  AAGAAGGCTACGGGAGAGTCTCCAG ≤20/25 ≤20/25 25/25 24/25 ≤20/25 ≤20/25 ≤20/25 

  GGGAGAGTCTCCAGTGAGGGGTCTC ≤20/25 ≤20/25 25/25 24/25 22/25 ≤20/25 ≤20/25 

  CTCCCCAGCATAACCAAATCTTACT ≤20/25 ≤20/25 25/25 23/25 ≤20/25 ≤20/25 ≤20/25 

  TTACTAAACTCATGCTAGGCTGGGC ≤20/25 ≤20/25 24/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TAGGCTGGGCATGGTGACTCACGCC ≤20/25 ≤20/25 25/25 22/25 ≤20/25 ≤20/25 ≤20/25 

  GGTGGGAGAATCGCGTGAGCCCAGG ≤20/25 ≤20/25 25/25 23/25 23/25 ≤20/25 ≤20/25 

  AGCCCAGGAGTTCCAGACCAGGCTG ≤20/25 ≤20/25 25/25 ≤20/25 22/25 ≤20/25 ≤20/25 

  TCCAGACCAGGCTGGGTCACATGAC ≤20/25 ≤20/25 25/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Table 4-S7. Affymetrix microarray HG-U133A A3F/A3G (1) probe 
(cross)hybridization within the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target gene* 
(RefSeq) 

Probe set 214995_s_at A B C D* F G H* 

A3F / 
A3G_1 

NM_145298 
/ 

NM_021822 

GAAAGTGAAACCCTGGTGCTCCAGA ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  GGTGCTCCAGACAAAGATCTTAGTC ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  AGATCTTAGTCGGGACTAGCCGGCC ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  GGGACTAGCCGGCCAAGGATGAAGC ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  GAAGCCTCACTTCAGAAACACAGTG ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  AGTGGAGCGAATGTATCGAGACACA ≤20/25 23/25 ≤20/25 23/25 25/25 25/25 ≤20/25 

  ACACATTCTCCTACAACTTTTATAA ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  TATAATAGACCCATCCTTTCTCGTC ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  CTTTCTCGTCGGAATACCGTCTGGC ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  TACCGTCTGGCTGTGCTACGAAGTG ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

  GGACGCAAAGATCTTTCGAGGCCAG ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 25/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Table 4-S8. Affymetrix microarray HG-U133A A3F/A3G (2) probe 
(cross)hybridization within the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target gene* 
(RefSeq) 

Probe set 214994_at A B C D* F G H* 

A3F / 
A3G_2 

NM_145298 
/ 

NM_021822 

CACCACATGGGACAGCGCAGGTCCA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  CACATGGGACAGCGCAGGTCCAGTG ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  CCAGCTGACCGCAGGCAGGGAACAA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GGCAGGGAACAAGGCAGACCCTAGA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  AAGGCAGACCCTAGAGGGCCAGGCC ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TGCCAGAATTCACGCATGAGGCTCT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GCATGAGGCTCTGAACAGGGCTGGG ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TGAACAGGGCTGGGAAAACTTCCAA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  AAGCTCATGTCTTGGTGCACTTTGT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  CACTTTGTGATGATGCTTCAACAGC ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GCTTCAACAGCAGGACTGAGATGGG ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Table 4-S9. Affymetrix microarray HG-U133A A3G (1) probe (cross)hybridization 
within the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target gene* 
(RefSeq) 

Probe set 204205_at A B C D* F G H* 

A3G_1 

NM_021822 
GCCCGCATCTATGATGATCAAGGAA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  AAGATGTCAGGAGGGGCTGCGCACC ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  ACCAGCAAAGCAATGCACTCCTGAC ≤20/25 22/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  GCAATGCACTCCTGACCAAGTAGAT ≤20/25 22/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  GCACTCCTGACCAAGTAGATTCTTT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  ATTAGAGTGCATTACTTTGAATCAA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  TAAAGTACTAAGATTGTGCTCAATA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  GTTTCAAACCTACTAATCCAGCGAC ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  AAACCTACTAATCCAGCGACAATTT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  ATCCAGCGACAATTTGAATCGGTTT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

  GAATCGGTTTTGTAGGTAGAGGAAT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 25/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Table 4-S10. Affymetrix microarray HG-U133A A3G (2)  probe (cross)hybridization 
within the APOBEC3 family. 

Probe identity to APOBEC3A-H 
    

# identities/probe length (%) 
Intended 

target gene* 
(RefSeq) 

Probe set 215579_at A B C D* F G H* 

A3G_2 

NM_021822 
TTTCCAAATACAGCCACCCTTTGAG ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  ACAGCCACCCTTTGAGGGAGCGGGG ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TGAGGGAGCGGGGGTTAAGGCTTCA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GGGGGTTAAGGCTTCAATACATTGA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  AGAAACAGTGAAGGCCACGGCAAGA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  AGAAGCTGCAGTCATTGTGGGCGGG ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TTCCCAGGGGAGTCCTGACCTGACT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  TCTGGGGTCCGGACATGACCCCTCA ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GTCCTATCAAAGGTGGCATCCTCCC ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GCCTCTGCACTGGGTGCTAATAATT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

  GGGTGCTAATAATTCACTTTTACCT ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 ≤20/25 

* A3D and A3H are not represented intentionally in the U133 probe set. 
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Chapter 5 

Discussion 
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Summary 

The APOBEC3 proteins are DNA cytosine deaminases that have beneficial roles in 

innate immunity, but may also cause detrimental genomic deamination. The data I 

present in this thesis provide evidence for a model in which nuclear APOBEC3 proteins 

can deaminate genomic DNA, resulting in mutations and affecting carcinogenesis.  In 

Chapter 2, I describe data indicating that A3B is actively imported into the nuclear 

compartment, similar to AID. In Chapter 3, I explain our data showing the exclusion of 

the APOBEC3 proteins from condensed chromosomes during mitosis, indicating that 

even without the barrier of the nuclear envelope many of the APOBEC3 proteins do not 

interact with DNA. In Chapter 4, I show our data proving that A3B is deaminating breast 

cancer genomic DNA, illustrating that not only can the APOBEC3 proteins deaminate 

genomic DNA, but that this is an important and previously unknown aspect of cancer 

biology. In this section, I summarize these results and place them in a broader context. 

 

Active nuclear import of A3B 

When our studies on A3B localization and import began, we were not aware of its 

role in breast cancer genomic deamination and mutation. We were intrigued by reports on 

the active nuclear import of AID and the fact that A3B is a relatively small 45.9 kDa 

(close to the limit for passive diffusion of ~50 kDa)41,165. We wondered if we could use a 

comparative approach to determine whether A3B and AID shared the same nuclear 

import pathway. Additionally, we hoped to uncover any shared functional roles between 

A3B and AID.  
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As described in Chapter 2, I tested for active nuclear import of A3B using two 

separate assays – in vitro transport of A3B through the nuclear pore and time-lapse 

microscopy following A3B entry after cell division. A3B was capable of active transport 

in both assays205. In addition, we further linked A3B to active import by demonstrating 

that it interacts with adaptor importin proteins, similar to AID205. In addition, both AID 

and A3B required the same β2 region for efficient nuclear import205. Thus, A3B and AID 

are both actively imported through a characteristic adaptor importin network and guided 

by a similar region in both of these proteins. 

In the course of our research we also noticed several variations between AID and 

A3B indicating that these two proteins are regulated differently. For example, AID co-

localizes with telophase chromosomes during mitosis, while A3B is excluded during this 

stage of cell division205. In addition, over-expression of A3B in AID deficient B-cells 

cannot restore class switching and AID cannot function to deaminate and restrict HIV-1 

like A3B205. While we could not find evidence for shared functions between A3B and 

AID, we conclusively showed that A3B is consistently nuclear in a wide range of cell 

lines and is actively imported into the nuclear compartment. Interestingly, we know that 

A3B is actively transported into the nucleus, and we now know that A3B deaminates 

genomic DNA. Such active localization of a potentially mutagenic protein seems risky 

without an important functional role for A3B in the nucleus. 

 While testing the ability of AID and A3B to inhibit HIV-1 infection, we also 

explored the possibility that viral infection causes A3B to change localization, since its 

restriction of HIV-1 is thought to occur in the cytoplasm151,156. Although access to 

substrate seems a simple requirement (i.e., nuclear A3B should not have cytoplasmic 
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functions and cytoplasmic A3B should not have nuclear functions), this link remains 

surprisingly blurry. We did not see a change in localization in A3B localization in HIV-1 

infected cells and found that A3B restricts HIV-1 equally well in HEK293T and HeLa 

cells, despite a difference in localization between these lines96,205. Although other stimuli 

may affect the nuclear localization of A3B, our results show that it is a consistently 

nuclear enzyme. 

 

Dynamic subcellular localization of the APOBEC family 

One initial hypothesis for A3B’s nuclear localization was that it interacted and 

bound to DNA during mitosis after the nuclear envelope disintegrated. This could make 

A3B appear nuclear without any need for active nuclear import. As shown in Chapters 2 

and 3, this was definitely not the case for A3B, with the normally nuclear protein actually 

being excluded from mitotic DNA and only re-entering after the cells completed 

cytokinesis205,234. However, it is well known that A3G is capable of binding to single-

stranded DNA during electrophoretic mobility shift assays206,207. Although this A3G is 

normally cytoplasmic, the mitotic breakdown of the nucleus envelope could theoretically 

allow cytoplasmic proteins, especially DNA-binding proteins like A3G, access to 

genomic DNA215. With this in mind we decided to test all the APOBEC3 proteins for 

mitotic localization, using AID for comparison.  

As described in Chapter 3, we saw that, surprisingly, the APOBEC3 enzymes had 

very little interaction with DNA during mitosis and appeared to be excluded from 

condensed chromosomes220,234. Only subtle differences distinguished the single domain 

enzymes, which were excluded from DNA for the majority of mitosis and re-entered the 
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nucleus during telophase, from the double-domain enzymes, which remained excluded 

throughout mitosis234. With these results, it seems likely that some APOBEC3s, like A3G 

and A3F, rarely (if ever) have full access to genomic DNA. Other APOBEC3s that can 

deaminate genomic DNA are not likely to act during mitosis. Several publications 

suggest that AID deamination and error-prone repair occur during G1 phase; however, 

the telophase localization of AID on chromatin is intriguing and may indicate a window 

for extensive interaction between AID and genomic DNA267-270. 

Our localization results are consistent with APOBEC3 effects on cell cycle 

profiles. AID, A3A, A3B and A3H all have access to genomic DNA and all affect cell 

cycle progression, while A3C, which has access but appears to be a less active 

deaminase, does not affect cell cycle progression234. Interestingly, we noticed a mild 

effect with A3D on cell cycle profiles. While full-length A3D is cytoplasmic, the N-

terminal domain of A3D is nuclear234. This suggests that A3D may have some previously 

undetected access to the nuclear compartment. Further work is needed to understand 

more specifically when and where the APOBEC3 proteins deaminate genomic DNA and 

how the exclusion phenotype seen during mitosis is mediated.  

The vast majority of APOBEC localization data report static images in 

unperturbed cells. While these are useful for initial analyses, we suggest that some of the 

most interesting localization data occur in response to certain stimuli or over a period of 

time. Indeed, AID and A3G have been reported to change localization after DNA 

damage, both becoming more nuclear in response to irradiation44,157. In addition, our 

time-lapse imaging demonstrates the unexpected movement of the APOBEC3s during 

cell division234. Further research will demonstrate whether A3B or the other APOBEC3s 



 

 157 

are affected by signals, like interferon induction, DNA damage and apoptosis. Although 

straightforward imaging has its uses, more sophisticated experiments may be necessary in 

the future for understanding the normal and abnormal activities of the APOBECs.  

 

APOBEC oncogenes 

 The best-studied oncogenic deaminase is AID. This body of work provides a 

framework for studies on the oncogenic potential of other APOBECs. We know that 

while AID-dependent deamination causes beneficial recombination at the antibody 

locus17, it can cause oncogenic translocations such as c-myc/IgH characteristic of B-cell 

cancers211,227,271-277. In addition, off-target AID-dependent point mutations can be 

identified in transcriptionally active genes like MYC, PIM1 and PAX5, outside of the 

antibody variable regions24,166,277,278. These deamination events in mice cause a variety of 

cancers and in humans have been strongly correlated with B-cell cancers25,210,279,280. AID 

is the gold standard in the APOBEC field for an APOBEC oncogene as both ectopic and 

endogenous expression of human AID causes 1) deamination of mammalian genomic 

DNA281, 2) translocations and mutations26,277 and 3) cancer development282. 

A3A have displayed some of the criteria for an APOBEC oncogene132,163,283. For 

instance, ectopic expression of A3A has been shown to induce genomic mutations in 

several human genes as well as in the mitochondria131,133. A3A also causes cell cycle 

defects and activation of the DNA damage response dependent on uracil DNA 

glycosylase activity, similar to the toxic effects of AID in repair deficient B-cells, 

implying that A3A is deaminating genomic DNA131,223. However, we have no evidence 

for genomic mutation or cell toxicity in primary macrophages or monocyte cell lines 



 

 158 

expressing endogenous A3A128,136. In addition, A3A has not been linked with any human 

cancers.  

Since we knew that A3B is actively imported into the nuclear compartment and 

spends the majority of the cell cycle in close proximity to genomic DNA, it was always a 

strong candidate for a role in on human mutation and cancer205,234. As illustrated in 

Chapter 4, we demonstrated that ectopic A3B expression causes cell cycle defects234. 

Using a tetracycline inducible system where we could express A3B in nearly 100% of 

cells, we detected A3B-induced toxicity and induction of the DNA damage response as 

well as genomic mutations71. However, the biggest difference between the prior work 

implicating A3A in genomic mutation was that we uniquely showed that endogenous 

A3B can deaminate genomic DNA71.  Furthermore, we moved out of cell culture and 

correlated high levels of endogenous A3B expression with highly mutated cancerous 

breast tumors, but not normal breast tissues71. This is not adequate to conclusively define 

A3B as an oncogene, especially since it remains a possibility that A3B may function in a 

form of deamination-dependent apoptosis like AID and A3G283,284. However, we provide 

the first evidence, apart from AID, linking a human APOBEC enzyme to cancer and 

approach the gold standard for defining A3B as an APOBEC oncogene.  

 

Future studies on APOBEC3-induced genomic mutations 

Similar to breast cancer genome sequences, the mutations in many other human 

cancer sequences, including ovarian and brain cancers, have a high proportion of C-to-T 

transitions228-233,239. This preponderance of C-to-T mutations implies that A3B may have 

a role in breast cancer and other human cancers. If correct, this changes our perception of 
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mutations in cancer. In addition to spontaneous and environmental damage, we also have 

a common endogenous source of mutations that may be accelerating cancer progression 

and drug resistance. While additional studies on A3B in breast cancer will be 

informative, cytosine deamination by A3B may be a broader mechanism in 

carcinogenesis than we presently understand. 

Interestingly, A3B is a non-essential gene and an A3B deletion allele is common 

world-wide193. It should be possible to study breast cancers, as well as other cancers, in 

humans with and without A3B. Such clinical studies will help define the effect of 

genomic cytosine deamination on cancer phenotypes. In combination with further 

molecular studies on mechanistic aspects of A3B, such as transcriptional regulation, these 

future experiments will help us understand the extent of A3B’s contribution to genomic 

mutations as well as what effect A3B has on cancer prognosis. 

While A3B is clearly involved in breast cancer, additional APOBEC3 proteins 

may also be involved in cancers. In support of this, we know that many APOBEC3 

proteins are broadly expressed across a wide range of tissues134,135. Although we believe 

that our data show that A3B is the most important APOBEC in breast cancers, other 

APOBEC proteins are frequently expressed in breast tumors, often at higher levels than 

A3B, albeit not in a way that correlates them with tumor tissue71. These APOBECs could 

contribute to genomic mutations in a sporadic manner or in specific cancer sub-types. 

From transient expression experiments, we have identified AID, A3A, A3B, A3D and 

A3H as potential genomic deaminases234. Additional sequence information, which is 

becoming much more accessible and common, combined with expression data for the 
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APOBEC genes, will help correlate deamination mutations with cancer mutations, 

potentially in breast cancers, but also in different types of human cancers. 

In conclusion, my thesis research has resulted in the description of a new role for 

A3B in genomic DNA deamination and breast cancers. I have implicated other 

APOBEC3 proteins in genomic deamination and correlated this ability to target genomic 

DNA with nuclear access through subcellular localization. My contributions in this area 

provide the groundwork for future investigation on the role of APOBEC3 proteins in 

genomic mutations and cancer. 
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