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ABSTRACT: Many mutations in breast cancer exome sequences alter susceptibility to infections. An exhaustive analysis of all the mutations in exomes

from 103 breast cancer cases found that more than 1,000 genes have a published association with some kind of infection, including all known tumor viruses.

Altered susceptibility to infection was identified as a common thread connecting breast cancer mutations in genes traditionally classified as coding for

diverse functions, including cell immunity, cell architectural barriers, stromal interactions, cell adhesion, DNA damage responses, translation, cell cycle

control, metabolism, homeostasis, transport, and neurosensing. Infections and mutations can both contribute to cancer because they deregulate the same

pathways. In many cases, infections make a contribution to cancer that is either known or biologically plausible. Interventions may be possible to prevent

occult infections from cooperating with mutations to cause further cancer, metastasis, or other complications. The emerging list of infection—gene mutation

associations is readily scalable to routine testing of large human data sets.
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Introduction

Lesions are thought to become malignant because mutations
accumulate over long periods to disable or deregulate essential
cellular controls. Some mutations may activate proto-oncogenes
to become uncontrolled oncogenes, and other mutations may
inactivate tumor suppressor genes. About 15%—20% of cancers
are known to be caused by tumor viruses or other infections.!
Infectious and noninfectious cancers are considered as sepa-
rate diseases and are even studied in separate disciplines. Rela-
tionships between infections and cancers have produced some
notable successes, such as the ability to prevent some cancers of
the cervix and the liver. In other organs, associations between
a single individual infection and cancer have been difficult to
reproduce. For example, breast cancers have been associated
with very different infections including retroviruses (mouse
mammary tumor virus [MMTV] and human endogenous ret-
rovirus [HERVY]), a large double-stranded DNA virus (Epstein-
Barr virus [EBV]), and a small double-stranded DNA virus
(human papilloma virus [HPV]). Results linking any one of
these infections to breast cancer are contradictory and difficult to
reproduce.? Asymptomatic infections have spread tumor viruses
through the population so that virtually everyone has been inoc-
ulated with tumor viruses such as EBV and HPV. Tumor viruses
have been widely reported in normal breasts, so if viruses cause
cancer, most women should probably develop breast cancer.

One reason this does not occur is because breast cancers
may require mutations in genes that lead to compromised
immunity.>* Gene mutations that deregulate the immune
system, cellular architecture, or underlying metabolic sup-
port create errors in the signals that prevent viral infection
and in signals that maintain resident tumor viruses in a latent
state. In addition, some bacterial infections may cause chronic
inflammation with continual cell proliferation in the pres-
ence of mutagens or the infecting bacteria may even release
carcinogenic metabolites.”” Under these scenarios, no mat-
ter what the infectious agent, mutations that damage host
cell-protective mechanisms or normal cell functions would
increase risks for cancers.

In breast cancer, gene mutations can alter the ability of the
immune system to control cancer-causing infections in multiple
ways and high percentages of mutations can be linked to dam-
age to protective signals.>* Some host mutations interfere with
signals that cells are under attack and that protective boundaries
have become abnormal. Signals connecting innate and adaptive
immunity may not work properly. Communication between
cells and the extracellular matrix may be damaged by mutation.
Changes in cellular morphology and metabolism are needed to
convert normal cells into cancer or viral factories. Mutations
in genes encoding proteins essential for transcription, mRNA
splicing, or translation can facilitate or inhibit viral takeover.
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Essential signals to metabolism underlying pathogen clearance
and the intracellular environment may be abnormal or become
abnormal because of mutations. Mutations may alter a gene
product enough to disable its normal host cell function but not
enough to prevent a pathogen from using it anyway.

Do gene mutations in breast cancer cells affect the same
signaling pathways as pathogens? Do different breast cancer
gene mutations cause signaling errors that alter responses to
different infections? Because each breast cancer likely has dam-
age to different signals, are cancers in different patients likely
associated with different sets of infections? Would a compre-
hensive search for infections in breast cancer cells or their sur-
roundings find that cancer cells are predisposed to infections?
Do viruses or other infections contribute to cancers that are not
now classified as infectious in origin? To explore these ques-
tions, 4,985 exome mutations in 3,807 different genes from
103 different breast cancer patients were examined in detail
to determine whether cancer mutations systematically associate
with infections, especially infections known to cause cancer.

Materials and Methods

Data used. Breast cancers blindly used for analysis were
from publicly available data for sporadic breast cancers.*
As previously described,>** studies selected were heavily
weighted for ductal cancers because ductal cancer is the most
common form. The whole-exome sequences came from 103
matched sporadic female breast cancer/normal pairs from
Mexico (54 tumors; median age, 54) and Vietnam (49 tumors;
median age, 48).°" Eighty-seven of these 103 sporadic breast
cancers were invasive ductal. Sixteen cancers from the group
were tubular, medullary, mucinous, mixed, lobular, and duc-
tal carcinoma in situ (DCIS). Over 60% of the breast cancers
were stage 11, but about 20% were stage I11. Eight (15%) of the
cancers from Mexico and three (6%) from Vietnam were stage
I. Nine (17%) of the breast cancers were stage 0 (DCIS). These
breast cancer exomes had 4,985 candidate somatic gene muta-
tions that involved 3,807 different genes.’® Twelve women
from Vietnam were postmenopausal and the remaining 27
were premenopausal. The menopause status of the women
from Mexico is not known but 21 were younger than 50 years.
The ages of the women ranged from 31 to 92.°° Lists of onco-
genes and tumor suppressors were taken from lists compiled
for the CancerGenes website.

Databases used and methods of functional analysis have
been previously described.®* Briefly, the functions of each test-
able gene with an exome mutation were determined by search-
ing through all the information published about the gene
on PubMed, Google scholar, and/or The Online Mendelian
Inheritance of Man. Many original papers were also consulted.
Functional analyses were limited to the most recent 100 refer-
ences published. After the normal function of a gene was deter-
mined, further searches tested the name of the gene against
“infection, virus, bacteria,” etc. In many cases the relationships
among genes and infections could only be found by studying

publications describing the life cycle of candidate microorgan-
isms. Based on similarities to retroviruses, retrotransposons
were tentatively classified as infectious in origin. About six ret-
rotransposons were associated with mutations and had no sig-
nificant effect on the results. An initial classification of genes
related to innate immunity was obtained by comparing genes
listed in innate immune databases.’’? Statistical analyses were
done with Excel and StatsDirect.

Results

Mutations focus on immune signaling. Many dif-
ferent signaling pathways are affected by mutations in dif-
ferent breast cancers but a common thread is that they alter
responses to infection. In many cases, the altered responses are
to infections known to cause cancer. This is based on study-
ing 4,985 mutations involving a total of 3,807 genes in 103
sporadic breast cancer exomes. Figure 1 is a pie chart showing
the numbers of mutated genes placed into broad functional
categories. Of the 4,985 total exome mutations, most of them
(3,427 mutations) had some relationship to signals essential for
immunity or for structural and architectural barriers needed
to prevent or sequester infections.

Of the 3,807 different genes with mutations, only 2,947
could be tested (Fig. 1). Among these 2,947 genes with muta-
tions are 1,077 different genes (36.5%) that are known to
respond to some infection. In all, 774 mutations occurred in
genes encoding products for more diverse cellular functions:
homeostasis, metabolism, hormonally mediated phenomena,
cell cycle, replication, transcription, translation, etc. Among
these 774 mutations, at least 287 were associated with some
kind of infection.

Table 1 shows how the mutations are distributed among
the most prevalent infections. There are many opportunities
for associations among mutations and known cancer-causing
microbes. All known cancer-causing microbes are represented
among these infections. Human immunodeficiency virus
(HIV) appears most frequently, but this may merely reflect the
intensity with which AIDS has been studied. Nonetheless,
in the presence of a damaged immune system, associations
between gene mutations and HIV infection probably raise the
risk for AIDS-defining malignancies such as Kaposi sarcoma,
non-Hodgkin lymphoma, and cervical cancer. Other can-
cer causing viruses including EBV, hepatitis B virus (HBV),
hepatitis C virus (HCV), and HPV are all represented about
equally in Table 1. Helicobacter pylori occurs roughly half as
often; human herpes virus type 8 (HHV-8), Dengue virus
(DENV), and human T-cell leukemia virus (HTLV) slightly
less than that. Associations with other viruses such as human
cytomegalovirus (HCMV), influenza A virus (IAV), and with
bacteria, mycobacteria, fungi, parasites, and prions. There
were a few infections associated with mutations in transpo-
son and retrotransposon genes (Tables 1 and 2). (Gene sym-
bols and microorganism abbreviations are inserted before the
author contribution section of this paper).
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Figure 1. Distribution of 4,985 mutations in 103 breast cancers including categories with relationships to infections. The numbers within the pie slices

indicate the numbers of gene mutations in the category represented.

To illustrate how this information might translate into
actionable interventions, 41 demonstration breast cancers
were selected at random from the list of 103 breast cancers.
A random number generator was used to prevent bias or
unwitting cherry-picking of the data. At the 90% confidence
level, the 41 breast cancers are sufficient to show that mul-
tiple infections are universal and typical of every one of the
103 sporadic breast cancers. Many genes encode proteins with

Table 1. Most prevalent infection susceptibilities altered by mutation
in 103 breast cancers.

INFECTION NUMBER OF GENE MUTATIONS IN

103 BREAST CANCERS ASSOCIATED
WITH INFECTION IN COLUMN 1

HIV 341
HCV 283
EBV 281
HPV 271
HBV 228
(H)CMV 145
H. pylori 122

Bacteria, pseudomonas, 253
E. coli, mycobacteria,
MTb, listeria, S. aureus,

salmonella

HHV-8/KSHV 109
HTLV-1 83
DENV 78

multiple functions, so seemingly disparate signals modified by
infection often have some connection to immune signals, sup-
port of immune responses or cell architectural barriers, or to a
variety of other functions. All these processes change suscep-
tibility to groups of infections. All breast cancers in Table 2
have mutations associated with multiple infections, including
viruses, bacteria, fungi, parasites, and prions.

In some breast cancers, mutations may favor a single
infection. Patient BR-M-116 had 15 mutations and BR-M-
045 had 8 mutations that altered the risk from EBV infec-
tion. BR-M-045 had seven mutations that altered HCV risk.
BR-M-123 and BR-M-105 had 12 and 7 mutations, respec-
tively, that altered the risk from carcinogenic HPV infection.
BR-M-105, BR-M-116, and BR-V-002 had seven mutations
that altered risk from HHV-8 infections (Table 2). Mutations
that alter risks for bacterial infections were also found in the
breast cancers and must represent a substantial burden. Indi-
vidual single mutations in Table 2 were often associated with
multiple infections.

Associations between breast cancer mutations and
infections are biologically plausible. To determine whether
there were biologically plausible relationships between breast
cancer mutations, infection, and known signaling pathways,
mutations were tested against multiple known signaling path-

8-12

ways. As examples, immune and protein translation sig-

13-15 in response to infections are diagrammed

naling pathways
in Figures 2 and 3, respectively. Red boxes show breast cancers
that have mutations for genes encoding some of the steps in

the pathways with the assumption that virtually all mutations

JOURNAL OF GENOMES AND EXOMES 2015:4 l 3


http://www.la-press.com
http://www.la-press.com/journal-of-genomes-and-exomes-j173

QA

Friedenson

ZLYIS ‘TINYYS ‘L1IDONY '2aNT9 ‘VVO
‘02Xaa "¥9ody ZTIN “OLHLLSIH LVO9D

AODVA ‘¢ALIN ‘[susxoiyd] sipiuisjus ejjsuowies

‘suoljoajul Alojelidsal-ouls Jusiinoal ‘Ad ‘wnipowseld ‘(Aiynod) snaia
aseasIp saJel\ ‘snuia Binguel ‘ssusbojfoouow eLigjsi7 ‘AVI ‘[Z]LZATH
‘[2lL-ASH ‘AdH ‘[€]L-AIH ‘[2]8-AHH ‘AY3H ‘[€]ADH ‘AWOH ‘[€IAgH ‘AdH

€6 ‘14ZN0d ‘60VAH ‘14V4d ‘VOeMId ‘9LI4l ‘uojAd H ‘[zlsunw eipieib ‘[g]ag3 ‘v10493 ‘smbuiusw oo g ‘[g]ANIA ‘AQY GS0-N-d4g 8
¥Ld1ln ‘1OTON [lelursiap ‘NSY ‘uosodsuesjolial ‘Nd ‘elsoeqooAw ‘e)is uonelbaul ALININ
‘VOLLNM ‘ZTAVIN ‘LSYH ‘NdNYNH ‘AVI ‘[2l-A1LH ‘[2IAdH ‘L-AIH ‘[9]ADH ‘[ZIANOH ‘[e]agH ‘[2IAng3T ‘(eo1w)

(4> Xd3 ‘NILd ‘VOeMId ‘LA IMEDVIN €8N0 ‘ipuob | ‘fewnunwiydAy °s L-\11H ‘A& ‘[e]eipAweiyo ‘[e]ng3 050-N-4g L
ZLdSN ‘HiuMyd g $n220203da.4)S ‘ASY ‘uonoajul uond ‘wnipowserd
‘SINaYd ‘WOId ‘LHOON “1dIX TN ‘ZNSLI ‘oeo0Y.110U0b "N ‘BIAHIN ‘Z-ASH ‘[EIAdH ‘L-AIH ‘[€]L-AIH ‘8-AHH ‘[€]AOH

4 ‘AZNIYD ‘LOXO04 ‘€HVYNQ ‘ZVLZdAD ‘ANOH ‘[Z]AG3 ‘sniiA YNYSP ‘ANIQ ‘wniplsojo ‘smebjwny snjjibiadsy 870-N-449 9
ANM ‘[ZIAZA ‘[2IASA ‘[2Inoen ‘16uny ejfydojeuisep ‘snaoooojfyde)s
‘sisdas ‘gjjouowies ‘[zJsnaine 'S ‘A4AY ‘[2ZIASYH ‘SniiAejol ‘snijaouipeys
snsayy ‘sniinewoxAw liqgel ‘Ad ‘SnJiA saiqel opnasd ‘esoulbnioe seuowop
LANZ ‘€Gd1 ‘LdVHE491 ‘d9dVL ‘TAVLS -nesd ‘SesnIIA YN puelis aAlisod ‘[z]snJia ewoAjod ‘sniinoljod ‘snooooow
‘SINYS 'LdS ‘SONS ‘LdMS ‘OdLdS -neud ‘[glwnipowseld ‘sesniinouiodld ‘esuljisse wniie}oeqodA ‘g9AHIN
‘THAY ‘TINYY ‘ZNdY ‘PISYNY ‘vVoavy ‘VSHW ‘sndiA xodiosn|o ‘80-AHIN ‘AADOIN ‘sniia esessip saley ‘[Z]gLIN
‘NYdld ‘VeH10d ‘LAHMd ‘TAAIMI ‘[z]ssusbojfoouow eusysi ‘ejiydownsud ejpuoibeT [gIAVI ‘[2]L-A1LH ‘(€]
‘YZ3dd ‘SHN ‘Vidg9gdAN ‘€Ld3IN ‘aLdyT -ASH ‘[g]ojAd H ‘[eIAdH ‘L-AIH UM AdH ‘[9]L-AIH ‘[€]8-AHH ‘uono8ul-00
LdVHTIAT VEINGY ‘PYVYL ‘YHLET ‘3al AIH-AOH ‘[2IAOH ‘[SIAWOH ‘[¥IAgGH ‘eusioeq aaiisod wels ‘[g]ijoo -3
‘LHASH ‘LNYD ‘O74 ‘§1104 ‘61404 ‘[8]AG3 ‘sesnuIA YNYSP ‘ANIQ ‘SS80Sge [BJUSp ‘SNJIABINOBSX0D ‘BY SNIIAS
‘O¥YS3 ‘9110493 ‘ZX0oNda ‘19LdAD -DoeSX00 ‘AND ‘elpAwelys ‘epipued ‘lunfof sepoeqojfdwe) ‘sniia ewok|od

Lyl ‘9dAD ‘14779 ‘19AVE ‘2dVdY ‘zavavy Mg ‘susboyjed ousjue yum elwslsioeq ‘wnjydojfoobeyd ewsejdeuy ‘AQV S¥0-N-49 S
100090}da.J}s dnoub suepuia ‘(@o1w) aidelos ‘sisdas |eiq
-ololwAjod ‘g1 g snuinonsed ‘A ‘Z-ASH 1ojAd "H ‘[E]AdH ‘A3 ‘AN3Q 10209

X4 OIS ‘1 731Y ‘9LNA¥d ‘LLSIN -ol/ydejs anjebou-eseinbeood ‘epipued ‘sejoeyo0.lds eljeliog ‘snjjibiedsy 8€0-N-yg 4

ZG94NZ ‘9€LANZ ‘1STA ‘OdX ‘1ddn ‘N1l

‘OIYL ‘ZONNL ‘€411 ‘02dv4l ‘41 03l ejussof ‘[EIANM ‘[ZIAZA ‘ASA
‘HGLdNS ‘TOdVNS ‘SVY8EDTS ‘LY0ED1S ‘[YINOVA ‘(sB1d) AIDL ‘ATIGL HpUOB 1| ‘SNIIA 18NS BUIMS ‘OYAS [Z]Sn0000
‘9V1LOTS ‘ZVS ‘9ENIS ‘CT1OEHS ‘CHAY -0jda.js ‘N9 ‘(901w) snaine *S ‘snaine °S ‘[zjwnunwiydAl “S ‘V-AS ‘AdAY
‘c090Y ‘€3NS ‘ZINaYd ‘LYNX1d ‘[€IASY ‘snuiaejos ‘SNIIAOSY ‘SUOIOBUI JUBLINDBI ‘SBIqes ‘Ad ‘Uonosyu| uold
‘031d 'd9OId ‘IMNOd ‘LINYHO ‘2VHEN ‘A4 ‘sisdes |eiqosoiw-Ajod ‘snuinoljod ‘[gwnipowseld ‘[g]sniiroxAwesed
‘LYOON ‘ZYOON ‘MSNIN ‘dIdIN ‘WYOIN ‘eeo0Y.I0U0B "N ‘seppibuiuaw "N ‘AN ‘AN ‘89AHI ‘AL ‘L-ATLH ‘VSHIN
‘daiN ‘IMEAVIN ‘2dVIN ‘SIDVIN “LTLAVIN ‘AL ‘80-AHIN ‘AAJOI ‘[ZIAIN ‘sndiA Binguey “qLIA ‘suoiosjul BunT
ISAT ‘VEWAM ‘TAVHI ‘ULl ‘'YHGLT ‘ANOT ‘[PIAAF ‘[9]AVI ‘[€]L-A11H ‘[8]2/L-ASH ‘[¥]MoiAd *H ‘[SIADH ‘[2ZIAIH
‘2d92491 ‘V-VH 'dYNrH 132419 ‘8-AHH ‘ATH ‘[2IAY3H ‘[9LIAOH ‘[6IAGH ‘snJIA ueejueH ‘[Z]elsioeq oAl
‘SSO ‘PXdD ‘GNINID ‘14X04 ‘LVAT -ebau \O ‘sisuasein gjesioueld 0o "3 ‘0e0HO3 ‘[PLIAgG3T ‘[elvi083
13aY4AYE3 'sO0YT ‘vedId ‘Me433 ‘Lsa ‘[9IAN3TQ ‘[gleoiuedAD ‘[EIAWOH/IZIAIND ‘€aADIAD ‘wniplysofo ‘eipAwelyo
‘LHdVIA ‘62XHA ‘19ad ‘940 ‘rdN3D ‘snuinonted sujued ‘epipued ‘Junfef-o ‘ejoedeoousd euspjoyying ‘[elL-AHG

€l ‘22d2 '0¥0A0D ‘97104 ‘2¢d1dV ‘TX3dVY ‘sejoyo0.1ds eljo.liog ‘[ies]sniin esessip eulog ‘snebiwny snjjibiadsy ‘[9]AAY 1£0-IN-¥dg €
ASA ‘SniIA sigpuls ‘ejebiys ‘[Z]eS ‘ejreuowies ‘[ZIASY ‘(801w) sni
L17LO3S ‘031d ‘YOeMId ‘V6Sad -inownaud ‘snosownsud ‘wnjpowsed ‘NAN ‘qLA ‘eus}sI] ‘eluewyseT ‘[ao1w]

e ‘ZSVO ‘vdYIN ‘VOVN ‘VId4IM VY22l [ZIAWDT ‘AVI ‘AdH ‘sesnuiasadisy eydie [G]L-AlIH ‘[ZIAGH ‘AG3 ‘ANTA ‘€9AD 820-IN-4g z
[821W] ANM ‘ADVA ‘1240 1 ‘lipuob 1 ‘AIS ‘A4S
‘wnunwiydAl S ‘[€]ASY ‘snainoulys ‘snainoal ‘Agvy ‘eidelos uonoasjul uoud
1S177 “9SNI ‘SZOMD ‘wnuediofe) wnipowseld ‘\D|d ‘UOI}O8UI Bpojewau ‘ewsejdoafw ‘ejuew
‘d3¥d ‘LAIN ‘VIHLLSIH ‘INOSH ‘ZLHVYNA -ysa7 ‘AINDT 'ADr ‘AVI ‘[2lL-AT1LH ‘[ZIASH ‘[2IAdH ‘AldH ‘[2]1-AIH ‘8-AHH
LYVED ‘EMTd ‘YOXOH ‘1AdLNT ‘2OLHD ‘I-AYTH [E]AOH ‘[2] AWOH ‘[€]AgH ‘WoiAd 4 ‘L2AT ‘[ZIAG3 ‘ANTA ‘AXdO

89 ‘LYOYE ‘ZIAL IVHELT ‘€PdVD ‘H4D3 ‘[ploesdysewoyoely - ‘sueinpiu snjibiedsy ‘A4SY ‘A3V ‘AQY ‘AVY 120-N-dd l

JINOX3 S.LN3ILVd NI
SNOILVLNN 40 J39INNN

SNOILO34NI
HLIM @31VIOOSSY SINIO a31VvLiniN

[1< 41 NOILDO34NI HOV3 HLIM

SNOILVLNI 40 ¥IFNNNI/SNOILVLNIN HLIM A3LVIOOSSV SNOILOTANI

1N3llvd d310313s
ATNOANVY

"J9oUBD 8SNED 0} UMOUY AUBW ‘SUOIIO8JUI U}IM PBJBIDOSSE SUOIIBINW SABY Pa)se) S19oued jseald ||e Jey Buimoys sajdwexs sieoueo jsealq olpelods psejos|es Ajwopuel suo-A1io4 g ajqeL

4 l JOURNAL OF GENOMES AND EXOMES 2015:4



http://www.la-press.com
http://www.la-press.com/journal-of-genomes-and-exomes-j173

Mutations in breast cancer exome sequences

QA

(penunuoa)

ADVA ‘Sn02000jAyde;s
‘feleyebiys ‘wnunwiydA} -S ‘eeLsjuasAp 'S ‘vINY ‘BIS)exoIY ‘ewoAjod
‘eliessjoN ‘eugsi ‘seusbojfoouow 7 ‘2-ASH ‘[2IAdH ‘L-AIH ‘[2]AOH

ZONN ‘[ZIngH ‘[z]uoiAd "H ‘wnjesjonu wnusoeqosn; ‘edAjosly eqeowejuy ‘Ag3
€z ‘VZNIYO ‘$00¥T ‘NL1D ‘9490 ‘LMY ‘[z]o0o "3 ‘wnipliodsoydAig ‘sisusuls siyosouold ‘elipAweiyd ejIoup O L9L-N-¥g 8l
acLSdA ‘Yoedid ANM ‘O¥AS Yo0ys ondes ‘snaune °s ‘ssuabojfoouow 7
[°14 ‘edYIN ‘YYOON “YSNI ‘9SV9O ‘IONVA ‘[¥IngH ‘esessip Aemute oibus|je [ebuny ‘[ZIAgT ‘€109 ‘ANIQ ‘Souip "0 8SL-IN-Hd Ll
1puob | ‘fesnowi] sis
C1INM -BIWOoS0)SIYyos ‘shaine ‘S .mEo>_On_ »w.\wtm.:.\wm\Q SoploIpIodooeied _Hmu>._._>__>_
‘LTLOdN VIl ‘1491 ‘L4S1IVLH ‘LZI4d ‘souabojfoouow 7 ‘[Z]L-ASH ‘AdH ‘[€lL-AIH ‘[SIAOH ‘[2IAWOH ‘[2IAngH
v ‘494 ‘Sda4 ‘YedI13 ‘1Sa ‘9490 ‘LMY ‘[ZluoiAd -y ‘snunold ‘[2Iag3a ‘eipAweiyo ‘suesjgre “O ‘sisdes |eusjoeg GSL-IN-Ydg 9l
ZHLSYL ‘SONS [2IAOVA ‘A8S ‘snuinosl
‘18Y4S ‘ILdI4LLavy ‘ZLidl ‘SOvaH ‘AOH "6 ‘sasniIn YN puells 8Asod ‘89AHIN ‘eeiuownaud “p ‘A3l ‘[2IAVI
ze 19349 ‘€019YT 12Xaa ‘INLSTO “L=A1LH ‘L-ASH ‘[E]L-AIH ‘AOH ‘AgGH ‘elsoeq eaebau welb ‘ANIA ‘AdY ¥SL-IN-Ydg Gl
AZA ‘NOBA ‘12nio |
‘[2] sisdas ‘AdAY ‘snuiA ejlagny ‘L-ASY ‘esouibnise ‘4 ‘[niny] aseasip
co_a _Ezgm&o\mk d .wwm_.:_> pue saqoJoiw _>>n_0_>_ _NN\m.tmwomQOQ\aE\.QHE
Z200dX ‘€6d1l ‘ZNILS ‘9LlVO1S ‘eHdIS ‘'seusbojfoouow 7 ‘[IAVI ‘L-ATLH ‘[2LIAdH ‘[¥]L-AIH ‘[2]8-AHH ‘[€]AOH
‘edXdY ‘'2499d '2499d ‘€4ON ‘¥SdH ‘[ZIAWOH ‘[Z]AgH ‘HojAd H ‘suonosyul easod wo ‘1Buny ‘sisussen) o
65 ‘LYXO4 ‘974904 ‘1171a ‘¥e4SD ‘'9a0 ‘snuinolly ‘[ZIng3 ‘[ZJANTQ ‘srewoyoely -5 ‘[yel] sniia esessip euiog €Zl-N-yg 4
ZS94NZ ‘LAYNXL ‘ONL 100000}da.js dnolb suepuIn ‘0FAS ‘gjjouowjes
‘AQYVLS ‘PO ‘MOTY ‘DY ‘9LNANd ‘SNJIA BJ[agNy ‘SNJIN0BY ‘[Z]61 g sndinoAled ‘suoiosyul [el)OE(] [JO ‘Z-ASH
‘VOEMId ‘ZSHAN ‘SAN ‘PVYOON ‘L4OVIN ‘[EIAdH ‘[F1L-AIH [ZIAWOH ‘AGH “MAYT ‘[¥]1AG3 100000/Ayde)s anebau
0¥ 1A9LTO ‘MedIT ‘ZVEAHO ‘LLOND -ase|nBeood ‘epipued ‘sjoyyip "0 ‘snjjibiedse ‘wnjydojfoobeyd ewsejdeuy LZL-N-dg el
siedids ° ‘ejjabiys ‘[zJununwiydA S ‘sisdes ‘vLAY ‘ASY ‘esoulbnised
00LdS ‘2v621S ‘V#203S ‘ssusbojfoouow 7 ‘A ‘[2]L-ASH HoiAd -y [EINDH ‘AdIAY ‘L-AIH ‘8-AHH
‘edINVOS ‘VOEMId ‘ZONIN VAN ‘PL TN ‘NOH ‘AINOH ‘[ZIAgH ‘eanAjoisiy eqeowejuz [z]ijoo "3 ‘AG3 ‘sisusuls
9¢ ‘NYIVM ‘Z23Y1 ‘INATO ‘LS1INVAY SIyo40U0[D ‘ajiouyip "0 tunfef sejoeqojAdwe) ‘susbulyied wniplisoD 0Zl-N-ddg zl
LLANAIZ ‘9€LSdA
‘22dSN ‘agavyl ‘1441 ‘ZSOS ‘eMOrd
“1EATY ‘Q¥dLd ‘P¥2Zddd ‘142Nn0d ‘1axd
‘VOEMId “U9Id ‘IMAd ‘LOXON 193N [VIASA ‘ATDL 1znio -1 ‘[2]ovAS ‘sisdes
‘VHSI TN ‘LIHOW ‘INVINT ‘PHILI ‘[z]wununwiydA; -s ‘eejuownsud g ‘[glsnaine s ‘ejlegny ‘[z](sUir0q) ASYH
“H1491 LAMNH ‘TYHLH XdVY2ZH 1a9119 ‘Ad ‘wnipowsejd ‘suonosyul [el}oeq [elo ‘eusoeqoofw [zleeids) i [GIAVI
‘LdE99 ‘S34 ‘8% OX9d ‘4O Nv4 ‘L1X3 ‘L-A1LH ‘[P1L-ASH ‘[SIAdH ‘[8]L-AIH ‘[218-AHH ‘3-AY3H ‘AOH ‘[SIAOH
‘SYY3 ‘2dvd3 ‘SHd3 ‘gdNA3T ‘VIMYAQ ‘[GIAWOH [8IAGH ‘VaH [rlioiAd "H ‘eusyoeq aaneboau WO ‘sesniinsadiay
‘LILONAQ ‘LHLONAQ ‘LSA “1110a ‘ana BWWED ‘SNJIA BWOD.ES 8ull8) ‘sisuaseln) o ‘ADINT ‘[GLIAG3 /00 "F ‘ANTA
Syl ‘1SdO ‘9 NQ10 ‘eaNnd ‘dvyd ‘dINg ‘zdidy ‘PAND ‘€dAD ‘elpAwelyo ‘AAdMg ‘[glelwsisioeg [z] ejibiedsy ‘[yInav 9l1-N-ddg L
0YAS ‘dnoub suepLin
XOMM _OF_\,_DW_n_ \oooooﬂQm‘am NNN\ msooooo\\EQSm .w:.__> sigpuls .>n_>w_ _>ww_ _m_\m_ wD‘__>O>._wQ
‘[vlpLnadd ‘Z9IMW ‘dNr ‘21xgd ‘esouibnise o ‘NJOW ‘AOF ‘[Z]L-ATLH ‘ZT-ASH ‘[ZIAdH ‘[2]1-AIH ‘8-AHH
ze ‘8HVYNA ‘11XAA ‘80ZdAD ‘4009 ‘LY  ‘[2IAOH ‘AWOH ‘AgH ‘WojAd *H ‘[€]Ag3 ‘epipueo ‘sniineooq ‘snjjibiedse ‘NyY GOL-IN-Yg oL
sunw sinyallj ﬁtm&&w 1 SU:O@ 1 dm.EoE:m:&
‘da.u}S ‘snooooojAyde)s ‘ejjabiys ‘snaine S ‘[z] ejjauowies ‘LAY
‘NSH .>n_ N.mmoc.\m\\tmm d .w:.__>o._oc hm..SOQ ‘w ~m.\‘\mdwomaoo\?t Nm.:\< Nwmcwmg
-Aoouow 7 ‘AYI ‘NdWY ‘MojAd “H [SIAdH AWOH ‘[€INGH ‘elisoeq eanebsu
W9 SEU.E@U;OENQ \mmte .motbohw\c eqaweluy .xoOtw JlWlexojopus .HNH>m_m_
8V9071S ‘AvO ‘HHS ‘ZTONI 1109°3 ‘ANIQ ‘Ieuing ejjeixo0 ‘sISUsUIS SIYoI0UOID ‘BlIdYIP™D ‘Iejjewopnasd
ze ‘dNr ‘2v9109 ‘YOVN ‘VOeMId ‘2 AON ‘elispjoyying ‘Lejiopbing ejjeiiog ‘snjibiedse ‘juuewneq jejoeqojauldy £80-N-49 6

JOURNAL OF GENOMES AND EXOMES 2015:4 l 5



http://www.la-press.com
http://www.la-press.com/journal-of-genomes-and-exomes-j173

Friedenson

Ldsn AdAY ‘6lasniinonsed ‘AAJOIN ‘sndia uunp ‘[ZIAVI ‘HOIAd “H “L-AIH UM AdH
‘agvyL ‘€5d1 ‘ZTXOHS ‘eXrdVIN L4OVIN ‘L"AIH ‘8-AHH ‘sesnuinsadiay ‘[INOH ‘AWOH ‘[2]AgH ‘AgH ‘[¢]tojAd *H
19 ‘dLdy ‘LIHYH ‘[eo1wledAD ‘LHAO ‘[elng3 ‘[eo1wleand ‘AdH ‘wnuinoq 9 ‘sissnyiad ejejepiog ‘sijibel ‘g 220-A-dd 0¢
2411 'v¥3an ‘NLL ‘v 1IN 'L2dVOHEY sisdag ‘ASY ‘AAJON
Ge ‘LYMOYd ‘EVLYD ‘TOWTT ‘YVOHVINS ‘elosIT ‘L-A1LH ‘[€IAdH ‘[€lL-AIH 'AOH ‘AgH ‘[eo1w]ledAD 610-A-¥9 62
0¥AS ‘A3S ‘[g]sisdas ‘snaune g
.wm_<w .m\\wtoE\mw .w:.__> eluayNg| Jayasney .n._._>_ __\->WI ,.EOE‘Q ‘H
MXAd ‘gEHLLSIH [2IAdH “L-AIH '8-AHH ‘AY3H ‘sniineuloouo/[ZIAOH ‘[ZlAgH ‘[eluoiAd “H
o4 ‘ONT4 ‘LNVVYA ‘ZHOGLO ‘LMY ‘€OLEMY ‘A3 ‘€dAD ‘[esessip swAT] Lagiopbing elje.iog ‘eusioeq ‘[ZIAQY 910-A-¥9 8z
Gl LNVLS ‘VOeMId ‘X0 snaine 'S ‘AY| ‘AdH ‘L-AIH ‘MAY3IH ‘AOH ‘AgH ‘Ag3 GL0-A-dd 12
spsed ‘A ‘[ZINZA
‘snonAjowoeeyeied oLgia ‘[AFIAISNIIA siijeydasus auinba uejanzausp
‘[2INOVA ‘lipuob -1 ‘[z]1znid I ‘0¥AS ‘A4S ‘1UOSUBW SISEIWOSOISIYOS
‘ejlouowijes ‘snaine S ‘A4AY ‘AY ‘ASYH ‘Sniiaejod ‘[z]sniinoay ‘sniinewoAjod
‘Ad ‘snooooownaud ‘wniediofe) 'd ‘\Dld ‘esouibnioe ‘o ‘ewsejdoofw [L-AIH
ediedvyL ‘eSdL YM] AdH ‘AAJOIN ‘siaoq -y uolew eluewyseny ‘seiuownsud ) AJ[* ‘eZud
‘€OdNL ‘€HISVL ‘L9Z1INS ‘LVSGLOT1S  -npul ‘AVYI ‘[2lL-ATLH ‘2-ASH ‘ASH ‘UojAd "H ‘[FIAdH ‘AldH ‘uolssiwsuel) [ejey
“1EAIY ‘THEddd ‘Thddvd ‘LEXO leuselew L-AlH ‘[y]L-AIH ‘eezuenjul °H ‘[g]g-AHH ‘sesniiasadisy ‘[y]AOH
“TvAA3N INAVYIN LY ‘vSHI ‘8VdSH  ‘[E]AWOH ‘[¥IAGH ‘[elkoiAd " ‘eisioeq sanebau web ‘sniin Aweoy ‘[g]LLA3
‘LYELSESH “ONTH ‘SdI3 '2Ov413 "¥493 ‘[elng3 *[elioo 7 *ANTQ ‘vaAD ‘[EleaND ‘wniplodsoldAio “YM-AXdO
89 ‘9HVNQ ‘aiNd ‘ZNLND ‘€dngd ‘c1voed ‘[FleipAweyys ‘AMIHO ‘sniiaewoA|od yg ‘'sniiroindeq ‘A4SY ‘ATV ‘AQY ‘AVY 710-A\-¥9 9z
16daX1S ‘LILOdN ‘LLAN ‘L dEdSH
ze ‘VZNIYO ‘@E0AN4 ‘20180 ‘INIYdVYO 1puob 1 ‘AZr ‘L-ATLH ‘2-ASH ‘L-AIH ‘[ZJAOH ‘AINOH ‘[€]AGH ‘snuinoj4 €10-A\"¥9 14
1puob - ‘seyayoolids ‘snaine ‘S ‘A4AY ‘ASH ‘¢ShJIABlOl ‘sniiABluBY BlEwNNd
‘[zleesoyiiouch N ‘[z]ewsejdoofw ‘snipiesoAwojeydasus auunw ‘i6uny
109NN ‘AAdDIN ‘[A13nod] snuin aseasip syale|y ‘suebo.usjul elidsojds) ‘NgH
zzdsn ‘esdl ‘NOH ‘[2IAVI “L-ATLH ‘[2lHoiAd "H “L-AIH uim AdH ‘[€]AdH ‘[2]AIS/L-AIH
‘91d3S ‘24O ‘6€4NY ‘LNXHN ‘9SONIA ‘L-AIH ‘[2]8-AHH ‘9-AHH ‘[2IAOH ‘AWOH ‘[E]IAGH ‘HoiAd *H ‘[g]aga oo 3
0€ ‘9Z20OVVIM ‘LIVOLI ‘7LedD ‘LHO ‘€1S39 ‘AN ‘spewoyoely eipAwejyo ‘siibelj sapiosejoeq ‘spoelyjue g ‘snjjibiadsy Z10-A\-dd 174
sisdas ‘[Z]AdAY ‘esoulbnise o ‘LN [EINADDIN ‘SnJIA aseasIp syale|y
£6d1 ‘AdH ‘[Z]L-AIH uim AdH ‘L-AIH ‘[2]8-AHH ‘[EIAOH ‘[E]IAWOH ‘[ZIAgH
ford ‘1934 ‘LAHMd ‘INOd ‘L1114 ‘Z¥Xada ‘[eloiAd “H ‘[2]Ag3 ‘[susboued ousjus]elwaleloeq ‘sesniia sadiay eydly 100-A-dd €z
X4z 1znJo °J ‘ejebiys ‘ejjouowjes ‘A4AY ‘Snlianoulyl ‘sasni
‘TOAHLA ‘ZOVAA ‘PdINVA ‘€Gd L ‘TNHYS -IA0J}81 BWOS ‘snuA0Y ‘[HAIN] seuowopnasd ‘sniin ewoAjod ‘AIN ‘ewseld
‘N3dS ‘00LdS ‘NOS ‘'VHAS ‘211VS -00AwW ‘YSHIN ‘AT ‘AAdOIN ‘sisojndagnieled "dsqng WNIAY |\ ‘92Us|nJIA
19Y9SdY ‘101SH0Sd ‘'v.3Ad '1SOVd eljsuoibal ‘AQdl ‘AVI ‘OVI/XNLH AVI ‘[E1L-ATLH ‘[FIASH ‘[SIADH ‘L-AIH Uim
‘dgS0 ‘2VFEN ‘YOOTdN ‘AN ‘SLdNIN AdH ‘[21L-AIH ‘[2]18-AHH ‘[9]ADH ‘[YIAWOH ‘[ZIAgH ‘[2]HoiAd 1 ‘elsjoeq
‘823N ‘LOAIN I ‘ZNSLI ‘€DvHI13 annebau welb ‘[GIAgG3 ‘sjewiue jjoo '3 ‘ANIQ ‘wnjiydojfoobeyd ewsed
86 ‘€MVz4dI3 ‘Idg ‘'90dIg ‘IX3dV ‘WY -euy ‘elisjoeq ojoluwe ‘[g snuAoUBPEIGAQY ‘AQY ‘[HAN] 4e10BqOI8UIY 200-N-dd ze
8l LOINS ‘LSVO ‘vV.8VvY ‘INO4 SOSNUIA YNY PUBJIS dANISOd ‘esouibnioe 'd ‘NdH ‘[Z]L-AIH ‘AgH ‘Ag3 981-N-¥g (4
sawiosouedA4] ‘uoljosjul 8)Is
S$903Sd3S 1ea1bins ‘A|S ‘snJinejuey ejewnnd ‘ewoA|od ‘wnJedioje) ‘4 ‘esouibnise ‘o
‘dZd ‘€XVd ‘LdYIN ‘ZAVI ‘LIMNH ‘elssjoeq Jenjeoenu] ‘[€lL-ASH ‘[FIADH ‘[F1L-AIH ‘uonosjul-00 ADH/AIH
62 ‘49H ‘9d9 ‘9490 XYLV ‘€VIHATVY ‘[2IAOH ‘[ZIAWOH ‘AgH ‘LojAd *H ‘eusyoeq aanebau wb ‘[Z]ANIA ‘AQY ZLL-IN-dg 0z
sisojnasagnjopnasd ‘A ‘Siedids |
‘sejuownaud sn220203dejS ‘efjebiys ‘wnunwiydA} ‘s ‘pLAY ‘esouibnise ‘o
‘seusbojfoouow 7 ‘[FINdH ‘AdINY ‘[2IAGH ‘eonAjossty eqeowejuy ‘NG
4 HEN ‘YOeMId ‘2ONIN ‘vSHl ‘vHAD 1100 "3 ‘[Z]ANIQ ‘sIsusuls siyaiouolD ‘suediqje epipued ‘ejiouip 0 ‘AQY 691-N-¥g 6l

JINOX3 S.LN3ILVd NI
SNOILVLNN 40 J39INNN

SNOILO34NI
HLIM @31VIOOSSY SINIO a31VvLiniN

[1< 41 NOILDO34NI HOV3 HLIM

SNOILVLNI 40 ¥IFNNNI/SNOILVLNIN HLIM A3LVIOOSSV SNOILOTANI

1N3llvd d310313s
ATNOANVY

(penunuo)) 'z alqeL

6 l JOURNAL OF GENOMES AND EXOMES 2015:4



http://www.la-press.com
http://www.la-press.com/journal-of-genomes-and-exomes-j173

Mutations in breast cancer exome sequences

ADVA ‘ASA ‘11puob [ ‘1znio | ‘wnunwiydAy s
‘snaine *g ‘NANY ‘eeIsiexoly ‘NLNIN ‘AAdOIN ‘gL Yofew eluewyse
‘ANOP ‘ASH ‘AdH ‘L-AIH Ym AdH ‘[Z]L-AIH ‘[2]8-AHH ‘[2IADH ‘AWOH

Gl €2494 “1OA ‘€6d1 ‘64SANL ‘IMYTIM ‘[ZIngH ‘[eluoiAd “H “[2IAg3 1100 "3 ‘€aAD ‘AIND ‘Iunfef sejoeqojfdwed ‘AMg 1S0-A-Yd A%
ZLdSsN “IdIXIN S9AHIN
‘SINaYd ‘NDId ‘LHOON ‘dZNIY¥D ‘EHVYNA ‘g snv2090jdes}s ‘uonosjul uold ‘wnjpowseld ‘\SY ‘©es0y.iiouob N ‘2¢-ASH

6¢ “HI¥MYd ‘ZNSLI LOXOS ‘ZVIZdAD ‘[e]AdH ‘[2lL-AIH ‘ANOH ‘[2IAg3 ‘AN3Q ‘wnipiysojo ‘snebiwny snjjibiedsy 870-A\-4d (04
snonAjowseyesed ouqip ‘AJINL ‘Hpuob -1 ‘(8o1w) wnunwiydA} *S ‘eardol;
8v1dINZ -ownaud ejjeinsjsed ‘sniin sedey 8SNOW “qL ) ‘oesds) ‘W ‘L-NT1H ‘AdH

Ll ‘4YS ‘PdYIN ‘HYVYLT IMdVYA ‘LYELT10D ‘L-AIH ‘8-AHH ‘AQH ‘AWOH ‘AVH ‘[2lroiAd *H ‘snainoisyue j00 3 ‘[Z]Ag3 Lv0-N-d9 6¢
g w:ooooome\cW _>n_>N_ _>mw_ _co_yowwc_
uond ‘yuues snpsAoownaud ‘wnipowseld ‘eesaoytiouoh ‘N ‘AN ‘AAADOIN
£6d1 ‘evZLO1S ‘AVI “‘L-ASH ‘L-AIH UM AdH ‘LAIH ‘[2]18-AHH ‘[2IADH ‘AWOH ‘[2IAgH

02 ‘PYSYY ‘HI¥MHd ‘09Id ‘dizagayd ‘1sa ‘UOJAd “H ‘AGT ‘SNIIA YNYSP ‘ANTQ ‘wnipliysojo ‘smebjuwny snjjibiadsy S¥0-A-Hd 8¢
AZA ‘NS ‘sauabojfoouow eLig)si7 ‘snuin siiivyoejobukie|
YINAINZ ‘LvianL ‘ATr ‘[2ZIASH ‘[Z]L-AIH ‘8-AHH ‘[s8usb AgH jo uoneibsjul Juslinoal 4o Jods jouy]

9z  '8Y71L‘29190HY "TIN ‘THAVIA ‘641080 AgH ‘[elng3 ‘sniinejoq3 ‘AN3Q ‘[suosodsues yNQ] suojdAi) ‘o] AND 0v0-A-H8 L€
0ZaAALZ 1znJo - “)ooys 211das ‘A4AY ‘suonosyul joely Aiojeldidsal ‘LojAd ‘H ‘esoulb
‘NLL ‘ZXdL ‘€Gd1l ‘CNDL ‘O31d ‘ENXHN -nige ‘o ‘sniiA elwexna| suunw Asuojo\ ‘AAdOI ‘elleuoibe ‘[g]AVI ‘L-ATLH
‘TASVYIN “IMINIT NV ‘84 LSA ‘9dHD ‘L-ASH ‘L-AIH UM AdH ‘[FIAdH ‘[911-AIH ‘[2]18-AHH ‘[SIAOH ‘AWOH ‘[¥IAGH

0. ‘TNTVO ‘va¥g ‘LvOodg ‘HYOV ‘L1av ‘elisjoeq BAlEBBU Welo ‘eusioeq aAsod wo ‘[g]agd ‘eloq3 ‘[IDINIEAAD 9¢0-A-¥g 9¢
ANM ‘[sijeydsous suioq yon] A3gL ‘/puob |
‘[eInes ‘Yoous ondas ‘ejjauowjes ‘seusboAd *S ‘eejuownsud “S ‘snaine ‘S
‘[2IN4NY [EINSY ‘[elsnain YNY ‘AGVY ‘sisdes [eodooownaud ‘jpneq
-eyd wnipowseld ‘esouibnioe ‘4 ‘wniedioje) ‘4 ‘sasniineAungqoyio ‘AOHO
.wco_.,_omzc_ |elus}oeq |elo ,>._._>__>_ _>>n_O_>_ .Q.NE deoE:tho\?\ ‘W ‘sausb
[EINLA ‘€SdL ‘ZTLNOL -opfoouow -7 ‘ejuewysieT ‘wniuesul eluewysiaT ‘[EIAVI ‘L-ATLH ‘[2lL-A1LH
‘ZNTO9L ‘L1VS ‘dSd ‘1307d ‘[2]l190 ‘T-ASH ‘[P1L-ASH ‘[SIADH ‘L-AIH UM AdH ‘[8]L-AIH‘[Z]8-AHH ‘A3H ‘eezus
‘014N ‘LOIdIN “1ELATN ‘218N 'SAVIN -nyul “H ‘[ZINOH “[ZIAWOH ‘[€]AGH ‘sniin ueejuey ‘LiojAd *H ‘[glAg3 /0o 3
LEMTIM ‘O-VTH 'V-V1H ‘LA9LT1D "HHYHO ‘[e]ANTQ ‘suediqe epipueo ‘ej1oyp "0 ‘Nuew(elds eljp.liog ‘Lsjiopbing eljel

08  ‘I¥H4D '8€dD ‘LANVO '¥QME ‘0vIHTHE  ~og ‘[e][Mg snuinewohjod] AMg ‘snjjibiedse ‘[e]snjebiwny snjjibiedse ‘[e]InaV £€0-A\H8 se

G8LANZ

ze ‘1V1 ‘ZS1V1 ‘NANYNH ‘ed13 ‘langd OVAS ‘L-A1LH ‘AdH ‘[2]L-AIH ‘8-AHH ‘€AIH ‘AOH ‘AGH WoiAd “H ‘[zlng3 Z£0-A-¥g ve
ANM ‘AL ‘puob | ‘NeS ‘ejjsuowies [zJsnaine -g
SMNL __.mum_m_O._. ,_.O/.\n_m waoc.\m\.tmm d Nw.\wtm.\\.\wwxa SgploipIooooeied hmmmo:.tmutom ‘N d LN Nwwtmmow
‘ZSWIY 2d0dd ‘ZSHVYN ‘VOVN ‘2dO3IN -Aoouow 7 ‘NOM ‘AVI ‘C-ASH ‘L-ASH ‘AdH ‘[2]L-AIH ‘Ad3H ‘[SAH] Hiwes snainsad

e TINVYIN ‘ZLYM “VZLI LENNLD INXLY =18y ‘[EINOH ‘[ZIAWOH ‘AgH TIuoifd *H ‘[FIAG3 ‘ANIQ ‘elpAweryo ‘suedigje -0 LE0-A-Yd ce
IVSLOTS ‘AVINSN ‘EVOON ‘8MIM j/@onuq ;| ‘AJNL ‘snaine “S ‘AIN ‘eejuownaud “w ‘[g]L-AlH ‘8-AHH

of ‘LIVAH “O1VD ‘2aHdT ‘N13 ‘€VNNLO ‘9-AHH ‘SnJiA eIpusH ‘AINOH ‘AgH ‘Ag3 %09 '3 ‘wnipLodsojdAio ‘sniinoinoeg 0£0-A-¥9 ze
[ZIANM ‘ASA ‘suiodiod eaul “1znid -|
‘sausboAd w:ooooEQm.cw ,>m_w ».EOmSmE euwosojsiyos ‘Snaine ‘S ‘esou
-1bnise o ‘wniediofe o ‘qlIN "YSHIN ‘sediay ewweb asnow ‘snuia xodiosn|
21Z24NZ ‘GY8€O1S ‘clLavy “ION ‘ATl ‘ADF ‘AVI ‘L-A1LH ‘Z-ASH ‘[ElL-ASH ‘[€]AdH ‘[Z]L-AIH ‘SAH ‘[¥IAOH
‘CTHOLON ‘ZdOAN ‘LOIYT ‘XVOLI ‘LHYH ‘AWOH ‘AGH ‘I9H ‘WojAd *H ‘eusjoeq Bau N ‘sijeosey sno00v0s93ug ‘ANIA

67 ‘9ZNIYD ‘GNNdD ‘O14 ‘3SA 9941V ‘sirewoyoel) ejpAwelyo ‘ueyiopbing eyeiiog ‘sissnjied gjeepiog ‘N9 ‘AAY 820-A-¥g Le

JOURNAL OF GENOMES AND EXOMES 2015:4 l 7



http://www.la-press.com
http://www.la-press.com/journal-of-genomes-and-exomes-j173

A\

Friedenson

‘umoys sAkemyjed ay) ui sdajs 8y} jo Auew Buipoous sauab 0} ebewep yjim pejeIooSSE aJ. Jey) suoljosul 8AIB ¢ pue Z S8|qel "uoijoaul 8y} 81oyeq uaAlb si |eubis ay) sjoale

1By} uoljoayul 8y} wouy Jonpodd uielold sy ‘s8seD BWosS U] "uoloBjUl 8y} A paje|nwis s susb ay) 8eoipul sexoq aniq bl pue ‘suoiosjul wods sjeubls A1ojiqiyul 8)eolpul sexoq 8bBuBIQ 180UeD B)eqla0exs
0} uopenw auab pue suonosyul Buowe sdiysuolie|al Joy [euajod sy} sjelisn||i 0} pajosles AjLel)igle ale umoys sAemyied sy Yjm Joeiajul Jey) SUOIO8,UI JO 8BUEBI PEOIQ DY) WOJ) SUOOBUI M3} Y “Alo)giyul
se pawnsse Bulag suoleINW Yjim Saxoq pat Ul pajsi| a1e suab uaAlb e ul suofjejnw Buirey siooued Jsealq "sJooued JSealq Ul uoleinw Aq pass)e skemyjed sunwuwi ayeuul uj sdeys jo sejdwex3 *g ainbi4

RN
peaqz

-

L_(AWDH)
£8nd

sioue)
Jseaug

ADH .

ez — 97— O -4 p
E-‘-.. gl.: LV¥dNUNH . AdH *
ssaue> IR CHI )4 dY / %
ey 4N 6CMVD
o -
> aqut == —_— N Y
P a, sioued :g # ﬂ!g b \
Iseq g 14yvd - uonernjul o% Ld¥IN (Ag3) /
FET--- uole|suel jum_o.ﬁ e+ Lawl % LAUH
-~ K d
—__ sapnded sIBue> ! b @D ExRdvIN
~ vopzau

sysqns [j3-1

| DIVL L0014 |

Ayunwuwy . : _— —
sAndepy ~— sisojdody «—Z3H .IE o zoa, (12A3) ¢
T-ASH
‘L-ASH  AO) =
H 7 S19UD i =
(AdH) 73

Cua

{AJH 'AgH
(8-AHH)V.LY

(snainp 's) €755

19064SH .
din 8L Ry .
\ % SasNIIA VNG

sabueyd dolaau
u__ons&_ A.\ pacolenta

8 1 JOURNAL OF GENOMES AND EXOMES 2015:4



http://www.la-press.com
http://www.la-press.com/journal-of-genomes-and-exomes-j173

"N

Mutations in breast cancer exome sequences
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Figure 3. Mutations in breast cancers activate or inhibit human infections because they affect viral strategies for co-opting or inhibiting translation
initiation. Breast cancer mutations occur at points in signaling pathways that control translation initiation and elongation and the same points are often
targeted by multiple infections. The loss by the host of control of translation interferes with the host’s ability to mount an innate immune response. Viruses
and other infections target most steps in the translation process and coincide with mutations in multiple breast cancers. Infections that activate steps in
the pathway are shown in blue boxes primarily at the left of the figure and infections that inhibit steps are shown in orange boxes primarily at the right of
the figure. Yellow boxes indicate points of connection to immune response pathways. The diagram is adapted from the work of Walsh and Mohr. Breast
cancer mutations may also affect translation elongation and NMD as indicated at the bottom of the figure.
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inhibit rather than stimulate the affected gene. Infections, in
contrast to mutations, may stimulate, inhibit, or comman-
deer gene function. The two figures began from the review by
Walsh and Mohr'? on the effects of viruses on protein trans-
lation. The figures show that many mutations converge with
infections to deregulate many cellular pathways essential to
defend against infection. The same probably holds true for
metabolism and for other functions as well (data not shown).

There are many opportunities for breast cancer mutations
and associated infections to exacerbate cancer risks. Only a
few arbitrarily selected interactions are shown (Figs. 2 and 3)
among components in these pathways versus infections, but
they illustrate how known tumor viruses or other infections
can evade immune responses and cooperate with, substitute
for, or antagonize breast cancer mutations. Table 2 gives more
detail of examples linking breast cancer mutations and specific
infections or groups of infections.

Table 3 uses more traditional classification systems to sep-
arate infection-associated breast cancer mutations into diverse
processes that they affect: innate and adaptive immunity, cell
adhesion and tissue architecture, DNA damage response, pro-
tein transcription, mRNA splicing, RNA processing, protein
translation, cell cycle control, metabolism, nucleocytoplasmic
transport, and protein trafficking. Table 3 is intended to illustrate

that the 1,077 different genes linked to infection can encode for
widely different functions. There are only about 200 different
genes used as examples in Table 3, but a current working list of
all the mutations, the genes affected, and the associated infec-
tions is available as Supplementary Material. Beyond immunity
and protein translation, most traditional cellular functions can
be altered, deregulated, or subverted by infections. For example,
normal cell morphology and metabolism in virally infected cells
must be altered to convert the cells into viral factories. Changes
in ionic strength or pH can sometimes affect infection such as
by facilitating viral uncoating. These traditional functions are
also targeted by mutation, although not necessarily at the same
points (Figs. 2 and 3). An additional signaling pathway for met-
abolic generation of energy (not shown) further supports the
biological plausibility of mutation and infection associations.

Examples showing mutation in diverse functions alter
risks for infection.

Breast cancer mutations damage genes encoding for pro-
teins in immune signaling pathways. Brief explanations for
some of the steps shown in Figure 2 are given below. Mul-
tiple infections, even those not linked to cancer, can affect
the response to tumor viruses and to mutations. For example,
four breast cancers have mutations in a proteasome compo-
nent, and many breast cancers have mutations that affect

Table 3. Individual breast cancer mutations deregulate the same cell signals as infections over a wide variety of processes.

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

MUTATED GENE ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

MUTATION OR DYSREGULATION OF GENE

BREAST CANCER(S)
CONTAINING THE
MUTATED GENE

IN BREAST
CANCER

Antiviral or immune response, autophagy, apoptosis

AKT1 HCV,%° Bacteria BR-M-129, BR-M-155,  Regulates defensin expression and the innate
BR-M-167, BR-M-192, immune response important for bacterial
BR-V-016, BR-V-017 clearance®’
ADAR DsRNA viruses®? BR-M-191 Viral defense. Adenosine to inosine in
dsRNA substrates
BCL6 EBV®? BR-M-037 Regulation of innate immunity, macrophage
morphology and motility
BMF HHV-864 BR-M-116 BCL2 homology domain 3 (BH3) binds BCL2
proteins to regulate apoptosis. Dynein L-chain
binding associates it with myosin V. Protein
limits HHV-8 (KHSV) replication®4
BPI, BPIL1 Gram negative bacteria, MDR pseudomo- BR-V-002, BR-M-041 Neutralizes endotoxins and carries outer

nas, MDR acinetobacter, E. coli®® membrane antigens from gram negative

bacteria to dendritic cells®®

BRAP EBVS? BR-M-094 Negative regulator of import of viral proteins®

BLZF1 EBV,% DENV BR-M-045 Methylation of cytosine, may interact with-
TRAFF1,7° NFKB-p65 in innate immune
pathways

CASP2 Francisella tularensis,” S. aureus, BR-M-047, BR-M-189 Autophagy control, cell death pathways,

Aeromonas, MMTV (mice) death due to cytoskeletal disruption’?

CBLB LCMV,”® MV, Mycobacterium leprae,™ BR-M-110 E3 Ubiquitin ligase. Controls spontane-
P. aeruginosa, E. coli sepsis, Burkholderia ous antitumor activity of cytotoxic T cells in
cenocepacia different cancer models’®

ccL1 Listeria monocytogenes,” Borrelia burg- BR-V-027 Regulates immunity, inflammation.”®

dorferi, AIH1N1 virus, MTb, VSV, S. aureus,
herpesvirus saimiri

Secreted by activated T-cells””
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Table 3. (Continued)

MUTATED GENE

IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER

MUTATION OR DYSREGULATION OF GENE

MUTATED GENE

CCR2 1AV, S. aureus, CVB3, HIV-1, HCMV, BR-M-191 Monocyte chemokine receptor’®
CHIKV, HHV-6B, WNV, MV, TMEYV, Toxo-
plasma gondii, Listeria monocytogenes,

C. albicans

CD1a/R4/T6/CD1/ HCV, HIV-1, HTLV-1,8° Borrelia burgdorferi, BR-M-110, BR-M-174 Related to major histocompatibility proteins.

FCB6/HTA1 polyoma virus, mycobacteria,® TGEV Mediate antigen presentation of a broad

range of lipid based antigens to T cells®?

CD320/8D6/8D6A/  EBV,83 HIV-1 BR-V-011 B-cell multiplication and immunoglobulin

TCBLR secretion,® Transcobalamin receptor

CD38 EBV,% Listeria monocytogenes, HIV-1 BR-V-033 Enzyme expressed in leukocytes, functions in

cell adhesion, signaling, calcium signaling

CD3D Severe bacterial, viral or fungal infections BR-V-043 T cell receptor complex
inactivation causes SCID, post-op sepsis,®® (synonymous)

EBV

CD59 HHV-8, DENV,®" E. coli, HBV, Borrelia, BR-V-054 Complement regulatory protein
Gardnerella vaginalis, HHV-7, HSV-1

CEBPZ Cryptococcus neoformans, HIV-1, MTb88 BR-M-193 Regulates gamma IFN response, antimicro-

bial peptide production®®

CFHR1, CHFR4 P. aeruginosa, S. pneumoniae, S. pyogenes, BR-V-033 Complement regulation
entero-hemorrhagic E. coli, Borrelia burgdorferi, (synonymous)

C. albicans,® A. fumigatus, Borrelia spielmanii, BR-M-
H. influenzae, Yersinia pseudo tuberculosis 169(synonymous)

CSF3R/CD114/ MTb., C. trachomatis, DENV, HCMV,*° |AV, BR-M-123 Receptor for colony stimulating factor 3,

GCSFR HIV-1, Rubella virus, L. monocytogenes, a cytokine that controls granulocytes
Pseudomonas aeruginosa

CTSD HBV, H. pylori®' BR-V-044 Lysosome function

GAS6 Enveloped viruses including VACV, DENV, BR-M-158 Phagocytosis of dead cells®
WNYV, Ebola®?

CIITA Herpes viruses,®* T. gondii, HBV, mycobac- BR-V-009 Master control transactivator for expression
teria, HHV-8, lymphocytic choriomeningitis of class Il major histocompatibility genes
virus (LCMV), influenza virus, HIV-1, Cryp-
tosporidium parvum, HCV, HBV, HHV-6,

HPIV3, HTLV-2, CMV, EBV, chlamydia,

HLA-A, B, C, G, DENV, MTb, IAV, tick borne encephalitis BR-M-037, BR-M-150,  Antigen presentation of intracellular
(TBEV), HIV-1, HBV, ADV, HSV-1, HSV-2, BR-V-033, BR-B-042, degradation products from proteasome
EBV, HTLV-1, polyomavirus BK (BKV), rift BR-V-043
valley fever virus (RVFV), HPV, Hantaan
virus. HLA-G: HBV, HCV, T. gondii, septic
shock, P. falciparum, Leishmania infantium,

HIV, HSV-1, RABV, IAV, HPV, HCMV

GZMA, GZMH, Bacterial sepsis, m. leprae, Marek’s dis- BR-M-047, BR-V-027, NK and CTL effectors that can be expressed

PRF1 ease virus, L. donovani, HIV-1, rabies virus, BR-V-050 by other immune cells as well. Cytotoxic
severe sepsis, HIN1 virus, helminth, RSV granules delivered to virus infected and
infection, LCMV, poxvirus (mice), P. falci- transformed cells
parum, gram negative bacteria, herpes,

CMV, EBV, HTLV-1, HBV, ADV, DENV,
VACYV, Y. pseudotuberculosis, orthopoxvirus
HUWE1 HIV-19% BR-M-116, BR-M-172, Interactor of HIV-1 Gag-Pol through integrase
BR-M-191, BR-M-192
IRAK2, IRAK4, ADV, CMV, EBV, HSV, MHV-8, VZV, IRAK2: BR-M-037,; Signaling from innate immune receptors
IRAK3 and VACV IRAK3: BR-M-191;
IRAK4: BR-M-045

JAK, L. donovani, MTb, HCV, HHV-8, IAV, BR-V-021, BR-V-043, IFN cytokine production

JAK-STAT DENV, EBV, CMV, JEV, RSV, MV, BR-M-172

pathway MMTYV, TGEV, VSV

LAMP2 HCV,*” CVB3, VACV, Neisseria BR-M-154 Chaperone-mediated autophagy and RNA-

and DNA-targeting autophagy®®

LGR4 Septic shock®® BR-M-166 Negative regulator of pattern recognition and

some innate immune responses®®

(continued)
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Table 3. (Continued)

MUTATED GENE
IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER
MAVS

MUTATION OR DYSREGULATION OF GENE
DENV,' ADV, EBV, HCV, HSV

MUTATED GENE
BR-V-023, BR-V-033

Sensing of viral RNA via RIG-1 receptor
Triggers IFN response

ND10 complex
(Sp100, Daxx,

HSV-1 (degrades PML and Daxx), VZV
(degrades PML) and HCMV (degrades

BR-M-172, BR-M-120,
BR-V-002

Intrinsic immunity to viruses

PML, ATRX) SP100), HPV
NLRP3 CVB3, DENV, EBV,'0" AV, HCV, HSV-1, BR-M-158, BR-M-191,  Cytoplasmic sensor of infection. The OAS-
HTLV-1, HIV-1, RSV BR-V-070 RNase L system is a major mechanism of
activation
NMD: SMG1, HTLV-1, HCV, positive strand RNA viruses, BR-M-045, BR-M-154, Intrinsic immunity to remove abnormal
SMG5, SMG?7, SFV BR-M-174, BR-M-196, mRNAs with premature termination codons
UPF2102 BR-V-027, BR-V-043
PIKFYVE HIV-1, plasmodium, salmonella BR-M-045 Innate immune signaling against virus.'%3
Facilitates IFN production to inhibit HIV-1
for example
PRKCB HCV, RSV, MMTV104 BR-V-067 Apoptosis, antibody production, cell
proliferation’0®
PPP1R15A HTLV-1, HCV, CHIKV, CVB3, DENV, BR-M-041 Regulates cytokine production'0®
VSV, HSV-1
PRKRIR NDV, VSV BR-M-191, BR-V-045, PRKRIR increases type | IFN production by

BR-V-048, and
BR-V-069

preventing degradation of the RIG-1 receptor
to inhibit viral replication'®”

PSMD2, PSMCS6,
PSME3

EBV, S. aureus (mice)

BR-M-085, BR-M-094,
BR-M-034, BR-M-037

Non-catalytic subunit of proteasome acti-
vated by TNFa. Processing of MHC peptides
for presentation to adaptive immune system
[Gene database]

RIOK3 Murine gammaherpes virus, |IAV BR-M-116, BR-V067 Adapter protein bridging TBK1 and IRF3 to
mediate antiviral IFN production©8

TAP2, TAPBP, DEENYV, EBV, HBV, HCMV, HCV, HIV-1, BR-M-045, BR-M-110 HLA antigen presentation'®®

TAPBPL? HPV, Marek’s disease virus, Hantaan virus

(HTNV), HIV-1

TAS1R1, TAS1R2,
TAS1R3, TAS2R5

LPS endotoxin from Gram negative bacteria

BR-M-076, BR-M-154.
BR-V-009, BR-V-014,
BR-V-037, BR-V-038,
BR-V-060

Markers for circulating leukocytes subpopu-
lations."® Neurological system that detects
bacterial pathogens. LPS initiates TLR4
signals that downregulate receptors

TFG vsvin BR-M-191, BR-V-009 Regulates IFN- production''?
TLR3 HSV, herpes simplex encephalitis, JEV, BR-V-067, BR-M-037 Innate immunity receptor
CMV, ebolavirus VP35, EBV, DENV
TLR8 ssRNA viruses such as HCV originally, BR-V-040 Innate immunity endosomal receptor,
but also HPV16, EBV clearance of HPV, inhibited by EBV
TRIM4 SeV, VSV BR-M-122, BR-V-003 Immune specific adapters, involved in viral
infection
ULK1 HIV-1, HIV-2, Brucella abortus BR-V-027 Regulates autophagy''®

Cell structural barriers, nucleosomes, chromatin, adhesion, cell morphology, volume, development

ARAP2 Resistance to L. monocytogenes BR-M-193 Essential signaling protein for cytoskeletal
remodeling and internalization of Listeria."*

B3GAT3 Mutation increases resistance to BR-V-014 B3GAT3, BAGALT7, and SLC35B2,

Chlamydia trachomatis which encode sugar transferases and the

3’-phosphoadenosine 5’-phosphosulfate
transporter 1, facilitate Chlamydia infection'®

CALD1 HHV-8 BR-M-094 Microfilament organization, thus cell shape,
adhesion, and invasion. Links HHV-8
infection to actin cytoskeleton''®

CCT2 rabies (RABV), B. anthracis, influenza, EBV(+)  BR-V-060 Chaperonin, folds actin and tubulin'”

CD93 Parvovirus B19, Gm negative bacteria BR-M-041 Intercellular adhesion, apoptotic cell
clearance

CEACAMS8 Bacterial infections''® BR-M-005 Response to bacterial DNA
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Table 3. (Continued)

MUTATED GENE

IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER

MUTATION OR DYSREGULATION OF GENE

MUTATED GENE

CDH1, CDH2 Coxsackie, ADV, H. pylori, HPV, HBV, BR-M-126, BR-M-166,  Cell-cell contact, Connections to adaptive
HCV, Junin virus, RSV, bacteroides fragilis, BR-V-022. CDH2: immunity
clostridium botulinum, EBV, Neisseria BR-M-041, BR-M-129
gonorrhoeae CDH2: HHV-8
CHD3,"® CHDS, CHD3: HSV CHDG6: Influenza, HPV; CHD8: CHD3: BR-M-080, Nucleosome, chromatin remodeler, helicase
CHD8 Fusobacterium BR-V-067. CHD6: DNA binding proteins
BR-M-080, BR-V-036,
BR-V-064, CHDS:
BR-M-200
CLDNS®, H. pylori, clostridium perfringens, RSV, BR-M-120, BR-M-116 Participate in forming epithelial tight junctions
CLDN14 Campylobacter jejuni, HCV120 among cells, to regulate solute and ion move-
ments. HCV entry factors
CTTN E. coli, Shigella, Neisseria, Rickettsia, Chla- BR-M-167 Actin cytoskeleton regulator.'?' All viruses
mydia, Staphylococcus and Cryptosporidium, must pass through barriers such as cortical
Listeria, Shigella, Myxoma virus, VACV, H. pylori actin'2
CcOoL13 Mouse hepatitis virus, the TMEV, H. pylori, BR-V-043, BR-V-047 Transmembrane collagen, involved in cell-cell
Pasteurella pneumotropica and cell-matrix contacts
DAAM1 Borrelia burgdorferi'?? BR-V-016, BR-V-022 Formin family member. Filopodia formation
cytoskeletal remodeling'*
DIAPH1 VACV BR-M-037 Regulation of microtubule polymerization and
actin barriers'?®
DLG1 HPV, HTLV-1, IAV, HIV-1 BR-M-106 Normal development, scaffolding, cell-cell
contacts'?®
FLG Viral, bacterial, and fungal infections BR-M-045, BR-M- Intermediate filaments marker for epidermal
169, BR-M-191, differentiation'?’
BR-M-193, BR-V-028,
BR-V-030, BR-V-044,
and BR-V-060
HDAC1, 5, 9, HIV-1,'28 HTLV-1, IAV, mouse gamma her- BR-M-037, BR-M- Chromatin structure accessibility, HDAC5
HDGFRP2, pesvirus68, Marek’s disease virus (poultry) 154, BR-M-055, forms complex that controls inflammation,
HERC2 BR-M-165, BR-V-019, HDGFRP2 controls HIV site integration

HERC2: BR-M-026,

under some conditions. HERC2 ubiquitylates

fibrosis

BR-M-080 Histone H2A
Histones, histone HHV-8, HIV-1, HSV1, [HIST1H1A in BR-M- BR-M-027, BR-M- Histone H1 regulates silencing of IFN
components 027] retroviruses Histone 1H3B [mutated 030, BR-M-037, regulated transcription and its chaperone
in BR-M-041, BR-V-016, and BR-V-047] is BR-M-041, BR-M- TAF-1."2% Other histones participate in DNA
associated with sepsis lethality in rodents. 045, BR-M-047, structures that affect retroviral integration
HMG20A a histone component is associ- BR-M-055, BR-M- sites. Chromatin structure is important in
ated with VACV in BR-M-030 076, BR-M-098, determining mutation rate
BR-M-121, BR-M-166,
BR-M-189, BR-V-016,
BR-V-026, BR-V-027,
BR-V-034, BR-V-044,
BR-V-049, BR-V-054
JARID2 HCMV,'3 Reticuloendotheliosis virus BR-M-191, BR-M-193 Jarid2 methylation fine-tunes methylation of
strain T H3K27 to affect chromatin structure'®
HS3ST3A1 HIV-1 maternal fetal transmission, BR-V-014 Heparan sulfate biosynthesis
P. falciparum, HPV?
KDM4A HHV-836 BR-M-045, BR-M-191,  Nuclear protein is a trimethylation specific
BR-V-017 demethylase converting specific histone tri-
methyl lysines to dimethyl lysine residues.
Transition of embryonic cells to endothelial
cells®
ITGAX 1AV, HCMV, HCV, WNYV, BLV, ADV, HIV-1, BR-V-023 Integrin complement component receptor.
HBE, HBV, JEV, MRSA, HSV-1, DENV Cell adhesion complexes, immune trafficking,
cross presentation of antigens to T-cells
Keratins HPV, ADV, HCV progression and liver BR-M-027, BR-M-028, Cytoskeletal structure, epidermal barrier

BR-M-036, BR-M-037,
BR-M-038, BR-M-094,
BR-M-123, BR-M-165,
BR-M-198, BR-V-002,
BR-V-007, BR-V-031,
BR-V-037, BR-V-039,
BR-V-043

(continued)
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Table 3. (Continued)

MUTATED GENE

IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER

MUTATION OR DYSREGULATION OF GENE

MUTATED GENE

026, BR-M-037,
BR-M-050, BR-M-
076, BR-M-079,
BR-M-166, BR-M-174,
BR-V-008, BR-V-019,
BR-V-022, BR-V-034,
BR-V-036, BR-V-042,
BR-V-050, BR-V-067

LGALS9 DENV,'33 HBV, HCMV, HCV, HIV-1, BR-M-073, BR-M-191 Codes for a beta-galactoside binding protein
Influenza, MTb, pneumococcus that regulates interactions among cells and
between cells and the extracellular matrix.'3*
Stabilizes regulatory T-cells'®
MAPRE2 HCMV/136 BR-M-047 Codes for a protein associated with microtu-
bules needed for spindle structure in mitosis.
Homologous to APC gene associated with
hereditary colon cancer
MLL genes EBV, HBV, HHV-8, HIV, VZV BR-M-027, BR-M- Histone methyl transferases'®’ that are
055, BR-M-076, common sites of viral integration
BR-M-116, BR-M-126,
BR-M-186, BR-M-193,
BR-V-011, BR-V-013,
BR-V-016, BR-V-021,
BR-V-027, BR-V-040,
BR-V-064
MUC2 Clostridium perfringens, Campylobacter BR-M-005, BR-M- Mucin, lubrication, protective barrier
Jejuni, C. difficile, Clonorchis sinensis, EBV, 030, BR-M-047,
E. coli, Entamoeba histolytica, HBV, HCMV, BR-M-080, BR-M-
HCV, HHV-8, hMPV, HPV*, H. pylori, HIV-1, 005, BR-M-083,
HSV-1, IAV, L. monocytogenes, P. aerugi- BR-M-098, BR-M-
nosa, RSV, RV14, sepsis, S. typhimurium, 120, BR-M-167,
Shigella, T. spiralis BR-M-169, BR-M-085
MYC BKV, HCV, EBV,"38 HPV, H. pylori, MDV, BR-M-189 Regulates global chromatin structure by
HIV-1, M. bovis (cattle), HHV-8, HBV, FV, affecting histone acetylation in regions close
T. gondii, avian leukosis virus (chickens), to and far away from genes. Also affects
TTVs cell cycle progression and apoptosis. Rear-
ranges associated with EBV infection causes
Burkitt’s lymphoma
NCOR EBV,"3° HIV-1, HTLV-1 BR-M-166 Chromatin structure modification to control
levels of transcription
NEDD4L EV71,140 HIV-1 BR-V-014 Regulates cell surface expression of sodium
channel, cell volume and membrane proteins,
facilitates virion release
RANBP2 HIV-1, JEV BR-M-150, BR-V-009 Nucleoporin, nuclear import positively
selected by HIV-1 infection'!
SDC1 EBV, HCV, HHV-8, HIV-1, HPV,"2 HSV-1, BR-M-150, BR-V-067 Cell binding, cell shape, host cell viral
S. aureus, P. aeruginosa, plasmodium receptors
falciparum
SMARCAZ2/BRM, HIV-1, HPV, HTLV-1"43 BR-M-074, BR-M-193,  Chromatin structure based gene regulation.
SMARCA4 BR-V-009, BR-V-019 Component of SWI/SWF remodeling complex
required to activate chromatin repressed genes
SSRP1 HHV-8, MCMV, T. gondii'4* BR-M-095, BR-M-166  Chromatin and nucleosome management
TTN HPV164, HCV, CVB3 (mice) BR-M-005, BR-M- Crosslinks proteins in the cytoskeleton and

provides elasticity. TTN associates with chro-
matin in the nucleus where its functions are
probably similar to those in the cytoplasm

VCL (vinculin)

Campylobacter jejuni, Enterohemorrhagic
E. coli, CVB3, S. aureus, H. pylori,'*5
HIV-1, T. Cruzi, rickettsiae, VaCV, Listeria
monocytogenes, Shigella flexneri

BR-V-051

Cytoskeletal protein F-actin anchor, involved
in cell junctions with other cells and with ECM

WDR1/AIP1

Sev1 46

Cell cycle, cell growth

BR-M-174

Cell shape dynamics. Binds to SeV M protein

ANAPC1

ADV, EBV,"*” HBV, HCMV, HPV, HTLV-1

BR-M-030, BR-V-070

Regulates progression through the cell cycle

BRAF

Vesicular stomatitis virus infection in
melanoma'8

BR-M-116

Signal transmission to direct cell growth. The
RAS-RAF-MEK-ERK-MAP kinase pathway
mediates the cellular response to growth signals
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MUTATED GENE
IN BREAST
CANCER

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

MUTATION OR DYSREGULATION OF GENE

MUTATED GENE

cDC27 CHIKV49 BR-M-047 Timing of mitosis
CGRRF1 EBV50 BR-M-026 Cell growth regulator
CRY1, CRY2 HCV'5! BR-M-174 (CRY1), Regulates circadian clock
BR-V-037 (CRY2)
EGFR AAV, ASFV, EV71, HBV, HCV,'52 HCMV, BR-M-027, BR-M-110,  Receptor tyrosine kinase, cell cycle, cell
HSV, EBV, IAV,'%2 HPV, RSV, HPIV, PICV, BR-V-014, BR-V-070 cytoskeleton
VACV, CPXV, SFV, HIV, AEV, mycoplasma,
C. trachomatis
GHR HCV153 BR-M-110 Cytokine that is transmembrane receptor for
growth hormone. Inversely related to expres-
sion of IL-1B, IL-18, TNF-a) and acute-phase
proteins (SAA, Hp)
GRP Sepsis, H. pylori'®* BR-V-043 Gastrin releasing peptide. Promotes epithelial
cell multiplication
PIK3CA HBV, HCV, HPV,'® MCPyV BR-V-003, BR-M-050,  Regulator of cell growth and apoptosis
BR-M-083, BR-M-
098, BR-M-184,
BR-V-015, BR-V-020,
BR-V-021, BR-V-024,
BR-V-027, BR-V-034,
BR-V-052, BR-V-064,
BR-V-071, BR-M-026,
BR-M-028, BR-M-
030, BR-M-036,
BR-M-055, BR-M-
059, BR-M-083,
BR-M-116, BR-M-120,
BR-M-121, BR-M-150,
BR-M-158, BR-M-165,
BR-M-166, BR-M-169
PP2A MCPyV'%6, SV40 BR-M-037, BR-M-116,  One of 4 central Ser/Thr phosphatases. Neg-
BR-V-002, BR-V-008 ative control point for growth and cell division
PKMYT1 HHV-8'57 BR-M-191 Negative regulator of G2/M transition in cell
cycle
RPRM EBV,'%8 H. pylori BR-V-024 Cell cycle arrest at G2M upregulated by
LMP-1 in EBV infection
URGCP HBV (X protein)'5® BR-M-189 Upregulator of cell proliferation
WEE1 HHV-644 BR-M-191, BR-V-027, WEE1 coordinates the transition from DNA

DNA repair, DNA damage response

BR-V-030

replication to mitosis. WEE1 is elevated on
HHV-6 infection of immune cells and works
to stop cell division.

APEX1, APEX2

HPV, HIV-1'60 APEX3: HCMV, H. pylori

BR-V-002, APEX2

Major human apurine/apyrimidine endonucle-

(BR-M-037) ase. APEX2: Base excision repair of apurine/
apyrmidine lesions
BRCA1 High risk HPV, EBV, H. pylori, HIV-1, BR-V-036 Repair of complex DNA damage, double
HBV or HCV BR-M-027 strand break repair
BRCA2 High risk HPV,!61.162 EB\/163 BR-V-023 Repair of complex DNA damage, double
BR-V-037 strand break repair
BUB1, BUB3 HHV-8, SV40, HPV, HTLV-1, EBV, BUB3: BR-M-116, Spindle assembly checkpoint, DNA damage

HCMV (BUB3)

BR-V-014, BUB1:
BR-V-032

response

FANCC, FANCF,
FANCI

SV40, HPV,'84 EBV, pneumococcus,
viral hepatitis

BR-M-116, BR-M-122,
BR-M-158

Repair of complex DNA damage, genomic
stability

H2AX/H2AFX EBV,'%5 HHV-8, HTLV-1, BKPyV, HPV, BR-M-116, BR-V-064 Double strand break repair (early indicator),
HCMV, ADV, HBV, VZV homologous recombination, NHEJ
MDC1 EBV,'%8 H. pylori, HTLV-1 BR-V-002 Checkpoint activation in response to DNA

damage

(continued)
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Table 3. (Continued)

MUTATED GENE

IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER
PNKP

MUTATION OR DYSREGULATION OF GENE

HSV-1

MUTATED GENE
BR-M-094

DNA repair of radiation or oxidative damage

TP53

MCPyV, HPV with HIV-1, HBV, EBV,
H. pylori, HCV, HCMV, RVFV, HHV-8

BR-V-002, BR-V-007,
BR-V-008, BR-V-012,
BR-V-014, BR-V-022,
BR-V-024, BR-V-027,
BR-V-033, BR-V-036,
BR-V-037, BR-V-043,
BR-V-045, BR-V-050,
BR-V-051, BR-V-060,
BR-V-067, BR-V-071,
BR-M-005, BR-M-034,
BR-M-045, BR-M-073,
BR-M-085, BR-M-094,
BR-M-095, BR-M-122,
BR-M-189, BR-M-192,
BR-M-123, BR-M-166

Response to DNA damage to induce cell
cycle arrest, apoptosis, genomic stability,
modulates immune responses

XPC

MCPyV,"$7 H. pylori

Transcription, mRNA, processing, splicing

BR-M-037

Nucleotide excision repair

and 53

BR-M-105, BR-M-154,
BR-V-007, BR-V-034,
BR-V-067

BRD4 HPV-16, HHV-8,'%8 HIV-1, EBV BR-V-033 Brd4 protein is essential in damage response
BR-V-036 to form nuclear foci. Latent episomal HHV-8

genomes form nuclear micro-domains,
containing BRD2 and BRD4 chromatin
modulators.'®® Competes with HIV-1 Tat for
transcription activation

CSTF2T HCMYV, enterovirus BR-V-050 Host cell mMRNA polyadenylation

DDX-4, 11, 20, IAV, reovirus, DsRNA viruses, BR-M-028, BR-M- Unwinds dsRNA

21, 46, 47, 50, 51 HPV, EBV, HIV-116° 037, BR-M-055,

DGCR8 HBV,'0 Enterovirus 71 (EV71), BR-M-079 Subunit of the complex mediating release of
HTLV-1, 1AV, HHV-8 microRNAs from the primary microRNA tran-
script. This protein is required in the complex
for binding the dsRNA and enhances its abil-
ity to cleave the RNA
INTS6 EBV'"! BR-V-024 Integrator complex subunit 6/DICE1. Putative

RNA helicase. Interacts with RNA pol Il End
processing of snRNA’s

MED12, MED 13

Bacterial infection (drosophila),'”? HIV-1

BR-M-059, BR-M-

Initiation of transcription mediator complex

Translation, ubiquitylation, proteolysis

MED12L, MED1?;L, 150, BR-M-165 subunits. Complex is required for defense of
MED14, MED23, bacterial infection in drosophila. The media-
MED25, MED28 tor complex links gene-specific transcrip-
tional activators with the basal transcription
machinery
SFRS1 HIV-1173 BR-M-154 An SFRS1 interacting protein is the cellular
binding partner of retroviral integrase proteins
Knockdown of SFRS1 can alter expression of
different p53 forms
SRRM2 HTLV-1,'74 HIV-1 BR-M-055, BR-M- mRNA alternative splice site selection
193, BR-V-002,
BR-V-067
TAF1 HSV-1, HPV'7® BR-M-073, BR-M-098  RNA polymerase function

CAND1

EBV1 76

BR-V-033

Ubiquitin ligase regulator. Protein degrada-
tion. Controls interactions between many
proteins and binding platforms

EIF2 isoforms

HCV,'"" E. coli (Shiga-toxogenic)

BR-M-155, BR-V-002,
BR-V-031, BR-V-033

Translation initiation factor

FTSJD1

IFV, bunya viruses, rubella, rotavirus,
enterovirus, lint virus, HHV-8, HCMV,
HSV-1, VACV all inhibit m7G cap

BR-V-027

2-0 ribose methylation of the m7G cap of
mMRNA'78
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Table 3. (Continued)

MUTATED GENE
IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER

MUTATION OR DYSREGULATION OF GENE

MUTATED GENE

NARS2, NARS4 S. aureus, H. pylori BR-V-024, BR-V-031 Asparaginyl-tRNA synthetase

RNGTT HERV'® BR-M-055 Enzyme required for 7 methyl-guanosine mRNA
cap formation. Intron contains HERV provirus

RPS3 HCV, P. aeruginosa BR-V-043 Ribosomal protein with functions beyond
translation. Involved in innate immunity, apop-
tosis, and DNA repair

RPTOR HCMV#! BR-M-106 Regulator of mTOR complex 1. Negatively
regulates mTOR kinase. MTORC1 couples
immune and metabolic programming, Regula-
tory T-cell function, NK cell differentiation.
HCMYV alters specificity

UBR4 HPV16,'8° DENV BR-M-005, BR-M-169  Ubiquitin ligase component, interacts with
nuclear RB4 and cytoplasmic calmodulin.
Targeted by HPV16 and co-opted by DENV

ZC3H7B/RoXaN Rotavirus'®! BR-M-192, BR-V-042  Translation regulation. Cytoplasmic polyA
binding protein forms complex with EIF4G
and rotavirus

Homeostasis

APNLR HIV-1182.183 BR-M-110 Regulates the cardiovascular system, central
nervous system and glucose

CALCR Potentially critical for HSV infection'84 BR-V-060 Calcium homeostasis (essential for immune
responses)

CBFB HIV-1,'8 polyoma, HPV BR-V-051, BR-M-167, Master regulator of blood cell formation

BR-V-021, BR-M-155,
BR-M-172

C1GALT1C1 H. pylori'8® BR-V-044 Molecular chaperone required for full activity
of the core galactosyltransferase Biosynthe-
sis of di-, oligo- and polysaccharides.

CAPRIN1, JEV, EBV'®7 BR-M-095, BR-V-013  Stress granule formation (CAPRIN1), Wnt

CAPRIN2 signaling enhancer (CAPRIN2)

CREB3L1, ATFG,
CRTC2, CRTCS,
CREB5'88

WNV, HCV, Sendai virus, mouse gamma
herpesvirus, HPV, HIV, HSV, HCMV,
HTLV-1, EBV, toxoplasma gondii (BR-V-13,
BR-M-027) XMRYV retrovirus (CREB5)

Trafficking, transport

BR-M-027, BR-M-155,
BR-V-013, BR-V-039,
BR-V-028, CREBS:
BR-M-193

Intra-membrane stress response CREB5 a
proviral insertion site for XMRV retrovirus

Dynein genes

ADV, DENV, HIV-1, HPV,'® rabies(RABV),

BR-M-027, BR-M-028,

Molecular motors for transport along

(DHAH, DNAL, reovirus, Salmonella Typhimurium, BR-M-038, BR-M- microtubules?® Essential for function of
DYN) Chlamydia psittaci, Aspergillus nidulans, 038, BR-M-074, TRIMSa, a retroviral restriction factor that
Trypanosoma cruzi BR-M-105, BR-M-106, interferes with uncoating and reverse tran-
BR-M-150, BR-M-191, scription. Essential for cilia function
BR-V-014, BR-V-022,
BR-V-026, BR-V-027,
BR-V-043, BR-V-048,
BR-V-054, BR-V-070
HSP90B1, CHIKV, HIV-1, HPV,'9° HBV,'9" HSV-2, VZV, BR-M-041, BR-M- Chaperone for folding TLR receptors, integ-
HSP90AA1, Polyoma virus, CoxsackieB3 (CVB3), rota- 045, BR-M-154, rins, and other proteins to control exit from,

HSPA8, HSPBP1,
HSPH1

virus, HTLV-1, SV40, EBV, prion disease

BR-M-198, BR-V-009,
BR-V-013, BR-V-014

ER

KALRN HIV-1192 BR-M-120, BR-V-036, Interacts with the huntingtin-associated pro-
BR-V-043 tein 1, which is apparently involved in vesicle
trafficking9?
KIF-1A HIV-1, HSV-2193 BR-M-028, BR-M-073  Molecular motor, intracellular trafficking
LYST S. aureus, candida, EBV,'%* multiple BR-M-037 Lysosomal trafficking regulator, deficit causes
infections immunodeficiency disease Chediak-Higashi
syndrome
NMT1 HIV-1195 BR-M-041 Modification of proteins to target them to

membranes

(continued)
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Table 3. (Continued)

MUTATED GENE

IN BREAST

ALTERED SUSCEPTIBILITY TO VIRUS OR
OTHER INFECTIONS PREDICTED DUE TO

BREAST CANCER(S)
CONTAINING THE

NORMAL FUNCTION OF PROTEIN ENCODED
BY MUTATED GENE OR IN INFECTION

CANCER MUTATION OR DYSREGULATION OF GENE = MUTATED GENE
PACS1 HIV-1,'9 HPV, MLV (murine leukemia), BR-V-002 Regulated sorting of proteins in trans Golgi
RD114, HCMV network to proper compartment, an important
component of their in vivo activity Crucial for
assembly of some retroviruses and essen-
tial interactions with some herpesviruses
envelopes
RAB7A HBV,'97 HIV-1 BR-M-186 Molecular switches, trafficking
SLC6A3 HIV-1198 BR-V-003 Dopamine transporter
STARD3 Subverted by a bacterial infection BR-M-121 Cholesterol export
Anaplasma phagocytophilum for a
bacterial inclusion membrane'®®
STAU1 HCV,2°° HIV-1, HERV-K, IAV BR-V-015 mRNA transport to different organelles
TF (transferrin) HIV, HCV, HBV,2°" Neisseria meningitidis, BR-M-037 Within their host, pathogenic bacteria acquire
Burkholderia cenocepacia, Enteropatho- iron essential for infection and growth from
genic E. coli, streptococcus, MThb, canine TF, a crucial innate immune defense protein
parvovirus, plasmodium
Metabolism
ADPRHL2 Bacteria2? BR-V-020 Removes bacterial ADP ribosylation added
by toxins from host proteins
AOAH Gram negative bacteria®®3 BR-V-036 Acyloxyacyl hydrolase hydrolyzes fatty acyl
chains from bacterial lipopolysaccharides,
to detoxify them. The AOAH protein may
modify host inflammatory responses to
gram-negative bacteria
CA4 Renal bacteria, many CO2 sensing BR-M-079 Reversible hydration of carbon dioxide
bacteria?®4
CPT1A Lower respiratory tract infection, BR-V-043 Long chain fatty acid metabolism, transport
hemophilus influenzae, pneumococcus, into mitochondria
C. trachomatis,?°® HCV
CYP2C8 HP\/206 BR-M-105 Steroid hydroxylation e.g. estradiol
FASN DENV, HCV, HHV-8,2%7 Rotavirus, HIV-1 BR-V-023, BR-V-052 Long chain fatty acid synthesis
G6PD HPV, HBV,2°¢ HBE, DENV, HIV-1, BR-M-122 Needed for pentose phosphate pathway to
P. falciparum, P. vivax supply reducing energy as NADPH to cells
GRB14 N. gonorrhoeae, pathogenic bacteria2® BR-V-012, BR-V-070 Interacts with insulin and insulin-like growth
factor receptors. Regulates response to
infection with pathogenic bacteria
LCT/lactase Rotavirus,2'® Giardia lamblia, HIV-1 BR-M-191 Lactose metabolism
LDLRAP1 E. coli uropathogenic?"! BR-M-045 LDL receptor adaptor. Used as an alternate
receptor by e. coli?"
MGAM DENV,?"2 EBOLA, HCV, Marburg virus, BR-M-037, BR-M-106,  Alpha glucosidase, starch digestion. Inhibi-
MV, VZV BR-V-034 tion of this enzyme can impair the assembly
of viral structural proteins and viral particles
NR1D1 MTb, salmonella, bacteria*’ BR-M-079 Circadian clock
PAH HCV impairs activity, HIV-1,2'3 P. falciparum, =~ BR-M-191 Hydroxylation of phenylalanine converting it
viral encephalitis, yellow fever, bacterial to tyrosine
infections
PC HCMYV inhibits, HSV-1 induces?'* BR-M-191 Pyruvate carboxylase converts pyruvate to
oxaloacetate
PDXK HIV-1,2"5 HBV, Rauscher Leukemia virus, BR-V-016 Phosphorylates vitamin B6, required to
oncornaviral DNA polymerases convert B6 to pyridoxal phosphate
UPRT EBV?16 BR-M-174 Pyrimidine salvage pathway

the Absent In Melanoma 2 (AIM2) inflammasome. AIM2

inflammasome—mediated defenses can be blunted by multiple
16

endosomal membrane and is essential to produce inflam-
matory cytokines and Interferons (IFN; Fig. 2). The RTA
protein (the transcription activator and lytic switch) from
the HHV-8 virus degrades MyD88 and blocks TLR
signaling (Fig. 2). HBV and HCV also inhibit MyD88 and

alter its downstream signaling.'!® Other viruses also target

tumor viruses, by other viruses, by bacterial infections,'® and
by many breast cancer mutations as well (Fig. 1 and Table 3).
MyD88 (myeloid differentiation primary response 88)

is an adaptor for Toll-like receptors (TLRs) on the cell and
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MyD88. Breast cancer mutations in MyD88 itself were not
found, but breast cancer mutations affected many of the steps
downstream of the MyD88 gene product (Fig. 2). IRAK2
and IRAK3 (Interleukin 1 Receptor-Associated Kinases) are
mutated in different breast cancers, damaging the control of
inflammatory cytokine production (Fig. 2). IRAK3 interacts
with IRAK2 and inhibits IRAK2-mediated phosphoryla-
tion of eIF4E, establishing a connection with protein transla-
tion. This prevents translation of inflammatory cytokines and
downregulates TLR responses.!” These genes are associated
with multiple infections (Table 3).2°

The endosomal TLR3 gene has missense mutations in
two breast cancers (Table 3). In endosomes (green circle in
Fig. 2), TLR3 binds tumor virus double-stranded RNA
(dsRNA) such as those from lysed pathogens and activates
signaling to the nucleus to produce antiviral cytokines such
as IFNs (Fig. 2).2122 TLR3 is essential to respond to other
viruses listed in Table 3.°

RIG-1 (retinoic acid—inducible gene 1-like helicase) is a
cytoplasmic recognition sensor for viral RNAs, and RIG-1-
mediated pathways attract both mutation and infection (Fig. 2
and Table 3). Multiple infections and breast cancer mutations
focus on RIG-1-mediated signaling (Fig. 2).

Twenty mutations in 17 different breast cancers involved
dynein heavy chains (Table 3), which transport cargo along
microtubules and maintain cytoplasmic architecture. Innate
cellular defenses against retroviral infection include restric-
tion factors such as Tripartite Motif-Containing Protein 5
(TRIMS protein). TRIMS5ais present in the cytoplasm, where
it interferes with retroviruses shortly after they enter the cell.
'The restriction factor then inhibits viral uncoating and reverse
transcription. The dynein complex is essential to transport
TRIMS5a protein or complexes containing TRIMS5a along
microtubules to interrupt cytoplasmic retroviral infections.
Crippling the activity of dynein motors or dynein complexes
or interfering with microtubule structure decreases the ability
of TRIMS5. to protect against retroviral infection.?

IFNs can transmit signals to the Janus Kinase — Signal
Transducer and Activator of Transcription (JAK-STAT) path-
way via receptors in uninfected cells?* to protect them from
infection. Abnormal regulation of the JAK-STAT pathway
occurs in human cancers in diverse organs® and at least seven
breast cancers have mutations affecting JAK-STAT signaling
(Fig. 2). The JAK-STAT pathway is inhibited by many viruses
including Varicella zoster virus (VZV),2¢ HBV,?” and HCV.?8

Breast cancer mutations interfere with intrinsic immunity.
Nonsense-mediated decay (NMD) factors sense premature
termination codons associated with translation of some viral
sequences. Figure 3 (bottom) shows inhibition or activation of
NMD by several viruses. Six breast cancers have mutations in
factors required for NMD (Fig. 3 and Table 3).

Infection and mutation can both affect the DNA damage
response. Damage to genes encoding pathways to repair DNA
damage occurs in at least 18 different breast cancers (Table 3

and Fig. 2). Viral infections can break chromosomes, activating
innate immune responses to target infected or transformed cells.
Viruses can pervert host DNA repair to promote integration of
viral DNA into host DNA and can limit other infections. Chro-
mosomes in virally infected cells can sometimes have a remark-
able resemblance to hereditary cancer-prone diseases that have
inactive genes required for DNA double strand break repairs.
Mutations affecting genomic stability increase infection risks.

The protein signals required for DNA damage responses
include ATM, ATR, BRCA1, BRCA2, PALB2, RADS50,
RADS51, Fanconi proteins, XPC, and PRKC1. Mutations in
many of these genes can be inherited and lead to hereditary
cancer predispositions. Chromatid exchanges and aberrations
typical of Fanconi anemia and BRCA2 infections can result
from viral infections. Mutations in ATM (four breast can-
cers), BRCA1, BRCA2, and interacting partners (seven breast
cancers) and Fanconi proteins (three breast cancers) render the
genome less stable by influencing DNA repair. Homozygous
ATM mutations are well known to increase infection risks.
Table 3 shows infection risks increased by BRCA and Fan-
coni gene mutations. Breast cancer mutations affecting base
excision and nucleotide excision repair pathways also increase
risks for infections (Table 3). In turn, infection by H. pylori,
for one, causes mutations by several mechanisms including
downregulating major DNA repair pathways.

Infections associated with mutations affect innate immu-
nity signals. Granzymes are serine proteases without antigen
receptors that kill target cells and pathogens directly. Perforin
(PRF1) is the chief effector for Natural Killer cell (NK)-
mediated cytolysis. Table 3 shows that granzyme and perforin
deficits are associated with many infections, both viral and
nonviral. Granzyme A (GZMA) and Granzyme H (GZMH)
genes are mutated in two breast cancers and PRF1 is mutated
in another (Fig. 2, right side).

Damage to genes essential for neutrophil functions. In addition
to granzymes, at least 10 other genes (AKT1, AOC3, BIRCS,
BPI, CEACAMS, CYBB/NOX2, DBNL, KLK15, MPO,
and NCF2) contain mutations that could affect neutrophil
effectiveness in 12 different breast cancers. Many infections
seen in cancer patients are related to weakened function of neu-
trophils/phagosome—containing cells. Cancer-causing infec-
tions related to the mutations listed above include EBV, HCV,
HPV, and H. pylori. The CYBB/NOX2 (cytochrome B-245,
beta polypeptide) gene mutated in BR-M-045 breast cancer
encodes a product that acts in host defense in phagosomes by
generating H,0,.% Multiple noncancer-associated infections
are specifically linked to CYBB/NOX2 activity and might
exacerbate effects of mutation and of cancer-causing infections.

Breast cancer mutations affecting connections to immune
responses and neurological sensing alter risks for infections. In at
least 18 of the 103 breast cancers, a gene mutation affects the
code for an inflammatory cytokine such as an interleukin
(IL). These cytokines are essential signals to activate a long-
term adaptive immune response (Fig. 2). Other connections
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to innate and adaptive immunity are also damaged including
Human Leukocyte Antigens (HLA) or the class II major his-
tocompatibility complex transactivator (CIITA), an important
regulator of histocompatibility genes (a total of six breast can-
cers in Table 3). Damage to these gene products can impair
response to a long list of infections. Table 3 also contains many
instances of specific individual signals essential for immunity
that have sustained serious mutations in their genes. Even a
neuroimmune response is damaged when genes encoding
taste receptors (TASIR and TAS2R genes) that sense bacte-

30 are mutated in seven breast cancers (Table 3).

rial endotoxins

Damage to cell adhesion and architecture genes associates with
infections. In epithelial cells, CDH1 (cadherin 1, type 1) dynami-
cally complexes with catenins, which regulates signalling path-
ways such as Phosphoinositide 3 kinase (PIK3)/Akt and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-KB).
CDH1 also regulates multiple connections to the innate and
adaptive immune systems®! (Fig. 2). CDH1 gene mutations
occur in three different breast cancers, and CDHI protein is
associated with a wide range of infections including some known
to cause cancer (Table 3). Maintaining epithelial barriers is a
prime immunologic function of CDH1 because it participates in
walling off infections and harmful agents to protect underlying
structures. Adherens junctions formed by cadherins are known
to inhibit lentivirus entry into cells.3? In all the breast cancers,
there were 16 mutations in 13 different cadherins. Many more
mutations affected proteins that interact with cadherins.

Cell architecture and structure must be changed in order
to accommodate viral infections. Every one of the 103 breast
cancers have mutations affecting actin, the cytoskeleton, or its
regulation. In order to establish a persistent infection, viruses
must escape an immune response and pass through collagen-
rich extracellular structures, unfavorable environments, and
structural barriers to reach targets.>* Many viruses have
evolved the ability to manipulate the actin/membrane net-
work in host cells to facilitate viral replication and then spread

to new cells. Over 1/3 (35/103) breast cancers have damage
to genes encoding one or more of three families of structural
molecules (laminins, collagens, and fibronectin). Collagen
alone is dependent on dozens of genes that have mutations in
the breast cancers. Defects in these structural proteins could
increase susceptibility to a broad range of microbial infections.
In addition to viruses, infections that degrade these proteins
include gram-positive bacteria, gram-negative bacteria, fungi,
anaerobic bacteria, and parasites (Table 4). Vaccinia virus
(VACYV), Rickettsia, and facultative intracellular bacteria Lis-
teria monocytogenes and Shigella flexneri pervert host intracellu-
lar actin to promote transmission to new cells.3? This suggests
that the breast cancer genomes with deregulated cytoskeletal
proteins or with considerable damage to the genes encoding
cytoskeletal and extracellular signaling connections present
many attractive targets for infection either before or after the
cancer develops. In this instance, mutation and infection often
work in the same direction in breast cancer cells.

Some ion channels have evolved to maintain homeostasis
during infections. Because breast and other cancer cells have
highly abnormal morphology and size, ion channel mutations
may be essential for cancer cells to survive. In many breast can-
cers, ion channels with known associations to cell volume or
morphology are mutated including NEDDAL (Table 3), BESTS3,
CHRNAY9, HBS1L, KCNA4, KCNA5, KCNH4, KCNHS,
KCNV2, ACCN1l, TTYH1, and WNK3. Damage to host
cell ion channels may facilitate virally enhanced cell permeabil-
ity caused by incorporation of ion channel proteins encoded by
viruses. A growing list of viruses encode their own ion channels
(viroporins), including HCV, HIV-1, IAV, Infectious Bronchitis
Virus (IBV), poliovirus (PV), Severe Acute Respiratory Syn-
drome virus (SARS), Sindbis Virus, Semliki Forest virus (SFV),3*
HTLV-1, John Cunningham virus (JCV), and rotavirus.

The gene for intermediate filament—associated protein
filaggrin (FLG) was mutated in eight breast cancers (Table 3).
FLG aggregates intermediate filaments and helps determine

Table 4. Breast cancers with mutations in major structural proteins that protect against infection.

Structural barrier
molecules

Pathogens that produce enzymes that degrade this
molecule or adhere to it or Viruses with capsid proteins or
antigens that interact with structural barrier molecules?'”

Breast cancers with damage to gene(s)
encoding the barrier molecule(s)

Laminins, collagens,
fibronectin

Bacteria, fungi, parasites: Actinobacillus actinomycetem-
comitans, Bacillus cereus, Clostridium histolyticum,
Clostridium perfringens, Porphyromonas gingivalis,
Pseudomonas aeruginosa, P. gingivalis, Streptococcus

BR-M-028, BR-M-037, BR-M-041,
BR-M-055, BR-M-076, BR-M-085,
BR-M-095, BR-M-098, BR-M-106,
BR-M-110, BR-M-120, BR-M-122,

pyogenes (or group A Streptococcus; GAS), Streptococcus
gordonii, Treponema denticola, Vibrio alginolyticus, Vibrio
vulnificus, Vibrio parahaemolyticus, Aspergillus fumigatus,
Cryptococcus neoformans, C. albicans, Candida spp.,
Paracoccidioides brasiliensis, Trichophyton schoenleinii,
Acanthamoeba castellanii, Acanthamoeba healyi, Balamu-
thia mandrillaris, Entamoeba histolytica, Giardia duode-
nalis, Trichomonas vaginalis, Trypanosoma spp. Viruses:
Influenza, HPV, retroviruses, human polyoma virus

BR-M-123, BR-M-126, BR-M-174,
BR-M-191, BR-M-193, BR-V-002,
BR-V-009, BR-V-014, BR-V-017,

BR-V-022, BR-V-023, BR-V-024,
BR-V-026, BR-V-027, BR-V-034,
BR-V-037, BR-V-043, BR-V-044,
BR-V-045, BR-V-047, BR-V-064,
BR-V-067, BR-V-071

Actin, actin related

Every virus known interacts with the actin cytoskeleton,?'®
L. donovani, C.trachomatis, salmonella, Borrelia burgdorferi

All 103 breast cancers. See also
reference 4
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tissue architecture. Damage to FLG is associated with viral,
bacterial, and fungal infections (Table 3). Titin (T'TN) is a
giant protein with frequent mutations in breast and viral
cancers that is important in cytoplasmic and nuclear structure
(Table 3). Thirty-four pentamers from a major capsid protein
of HPV16 are shared with titin.3

Alterations in chromatin structure associated with infections.
In the 103 breast cancer exomes, at least 18 mutations in 18
different breast cancers directly affect the structure of one or
more histones. Chromatin structure appears to be important
in determining the local concentration of mutations, so his-
tone gene mutations may be especially dangerous by improving
access to host DNA and facilitating integration of viral genes.

'The histone demethylase KDMA4A is thought to be essen-
tial to maintain HHV-8 in the latent state. HHV-8 inhib-
its KDM4A, facilitating reactivation. Three breast cancers
(Table 3) also inhibit KDM4A by mutation favoring HHV-8
reactivation.’ MLL genes are histone methyl transferases that
are common sites of viral integration. Fourteen breast cancers
have mutations in MLL genes, and associations among their
mutations exist with five viral infections including four tumor
viruses (Table 3).

SMARCA2 and SMARCA4 genes encode compo-
nents of the SWI/SWF chromatin—remodelling complex
needed to activate transcription of some genes. SMARCA?2
or SMARCA4 (mutated in four breast cancers) are associated
with two cancer retroviruses (HIV-1, HTLV-1) and HPV
infection (Table 3). Histone deacetylase mutations in breast
cancers can alter chromatin structure and control of numerous
infections by reversing acetylation reactions and are crucial for
T-cell functions.

Breast cancer mutations affecting transcription and splicing
are associated with infection. RNA polymerase I1I is a sensor
for viral infection and is mutated in BR-M-045. Other exam-
ples of mutations affecting transcription are listed in Table 3.
RNA helicases (DDX genes) are essential for transcription,
translation, RNA splicing, RNA transport, and RNA edit-
ing. DDX11, DDX20, and DDX47 are associated with HPV
and/or EBV infections and are mutated in eight breast cancers.
SRRM2 participates in splice site selection and is mutated in
four breast cancers (Table 3). SRRM2, a transactivator for
HTLV-1 and HIV-1, modulates the alternative splicing com-
plex so that it favors viral replication.’

Breast cancer mutations in protein translation pathways
are related to infections. Figure 3 is adapted from multiple

sources.!3715

Figure 3 illustrates that breast cancer muta-
tions and infection have clear relationships based on the pro-
tein translation pathway steps affected. The steps targeted
by mutation versus the steps targeted by infection are either
identical or closely related. Hundreds of mutations affect the
same pathways as viral and bacterial infections, and the figure
shows potential complexities in a network of possible coop-
eration or antagonism between infections and DNA muta-

tions. Virulence factors in the bacteria, M'Tb, Shigella, and

salmonella (Fig. 3) possess t-RNA nucleases that have the
ability to reprogram translation initiation and global transla-
tion regulation.’®

Figure 3 further shows a few of the many connections
between these translation pathways and the host immune
response (yellow boxes). A PI3K signaling pathway that con-
trols a rate-limiting step in protein translation and the figure
shows these steps in green boxes. Links connect this path-
way to innate immunity via the TLR3 receptor for innate
immunity and the CDHI receptor (Fig. 2). Thirty-three
breast cancers have a mutation that could affect PI3K and six
breast cancers have mutations that could affect Akt activity in
this pathway. PI3K is stimulated by tumor and other viruses
(Table 3).%” PIK3 enzymes are also stimulated with ligands
that activate TLR signaling so PI3K activation can be part
of an innate immune defensive response to infection (Figs. 2
and 3). Infections and other mutations shown in Figure 3 can
also affect steps prior to PI3K stimulation.

mTORCI1 serves as a central regulator of cell growth and
division, coordinating signals from diverse processes including
immunity, growth factors, nutrients, energy availability, redox
status, lipid, nucleotide, and protein biosynthesis. mT'ORC1
signaling is sensitive to the presence of amino acids, insulin,
and translocation to the lysosome.!*!* In the immune system,
mTORCI1 exerts extensive control over effector and memory
differentiation of peripheral CD4 and CD8 T-cell effector
functions. Invariant natural killer T cells, which bridge innate
and adaptive immunity, are also controlled by mTORC1 sig-
nals and RPTOR as indicated in Figures 2 and 3.4%*! Control
of mMT'ORC1 must be acute and active as determined by the
Tuberous sclerosis (TSC1-TSC2) complex,'*** but the con-
trol becomes deregulated in two breast cancers (Fig. 3) and in
some viral infections such as HTLV-1.42

EGFR (a receptor tyrosine kinase) is often dysregu-
lated or mutated in breast cancer and a mutation in EGFR
itself occurs in four breast cancers (Fig. 3). EGFR itself is a
co-receptor for HCMV and AAV6,¥ so EGFR mutations
may affect susceptibility to these infections. However, the
EGFR network exerts control over cell proliferation, protein
translation, cell architecture, and survival, and so hundreds of
mutations in the 103 breast cancers would have further impact
on the ability of viruses to take over tightly regulated EGFR
processes. Many viruses seize control over EGFR endocytosis
or signaling to enter host cells, replicate, and evade immune
responses (Table 3).

The removal of proteins after translation may be as tightly
controlled as their production. F-box proteins are subunits of
ubiquitin ligases that identify protein substrates for break-
down by the 26s proteasome. Twelve mutations in F-box pro-
teins occur in the breast cancers giving viruses a head start
in subverting protein removal. Several additional mutations
more directly affect the proteasome (Fig. 2).

Breast cancer mutations affecting the cell cycle can be associated
with infection. Table 3 includes examples of mutations affecting
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the cell cycle that have known effects on infection. WEE1
(WEE1 G2 checkpoint kinase) normally coordinates the tran-
sition from DNA replication to mitosis. WEE1 is elevated on
HHV-6 infection and arrests the cell cycle.** WEE1 muta-
tion in three breast cancers prevents cell cycle arrest, disabling
this defense mechanism against infection. Cell cycle arrest in
infected cells is a major host defense against infections.* Other
examples include the LATS2 (large tumor suppressor kinase 2)
gene and protein phosphatase 2A (Table 3).

Gene mutations affecting metabolism can be associated with
infection. Many breast cancer mutations encode proteins that
affect metabolism such as glycolytic enzymes, lipid biosynthe-
sis, tissue-repair mediators, and NF-KB. There are often clear
signaling connections to the immune system. Aerobic glycol-
ysis controlled by an AKT-mTORC-HIF-1a pathway is the
metabolic basis that enables myeloid cells to protect against
secondary infections.*®

The breast cancer BR-M-079 has a mutation that causes
the NR1D1 gene to begin transcription out of frame. NR1D1
(nuclear receptor subfamily 1, group D, member 1) encodes
for a core member of the circadian clock emerging as a regu-
lator of the immune response and metabolic pathways. The
NR1D1 gene product is involved in the response to several
microbes (Table 3).” Even the prion disease Creutzfeld-Jakob
disease*® is increased by mutation in phospholipase PLCXD3
(lipid catabolism and signal transduction), which is mutated

in BR-V-011.

Discussion

Different breast cancers contain mutations that alter responses
to microbial infections, and microbial infections can alter
responses to mutations and suppress the immune system. Even
infections that are not directly linked to cancer may exacer-
bate damage from mutations and from other infections that do
cause cancer. It is likely that there are many more mutations
associated with infection because many mutations that affect
the immune system have not been studied in the context of
risks for infection (Fig. 1). The goal of the present work is the
ability to scan mutations in genomes for altered responses to
a wide variety of infections. This can be done in few seconds.
An emerging list of infection—mutation associations is readily
scalable to routine human cancer genome analysis and may be
helpful to determine infection susceptibility in other human
genome analyses as well.

Mutation of the genes for host regulatory proteins can
damage their control by the host, yet help infections bypass
host regulatory circuits. This represents an alternative to the
view that mutations cause cancer independently from infec-
tions. Instead, mutations caused by environmental or genetic
damage increase the risks from both bacterial and viral infec-
tions and vice versa. One infection can increase damage from
another or help control it. Genes encoding the signals needed
to perform immune functions and to maintain cell barriers
against infection represent most of the gene mutations found

in this work and in hundreds of breast and other cancers.>**

Mutations in other host genes such as those encoding transla-
tion are not normally considered as part of innate immunity,
but there are multiple and very clear connections. Mutations
in host genes controlling rate-limiting steps in translation
have clear connections to immune defenses and innate immu-
nity but are not normally considered as antiviral defenses.

Based on Figures 2 and 3, it is difficult to imagine that infec-
tions do not participate in the cancer process along with muta-
tions. Infections interfere with corrections of errors; removal of
damaged cells; immunity to known cancer viruses; control of the
cell cycle, cell size, and shape; cell adhesion; cell metabolism,
etc. Signaling pathways that are known to be involved in pro-
ducing cancer are inhibited or damaged by infections as well as
by mutations. In treating cancers, effects from infections should
probably be considered along with effects from mutations. The
population of cancer patients® included in this study contained
nine patients with precancerous lesions such as DCIS. Patients
with DCIS were not specifically identified in the original DNA
sequencing report,*® but all 103 patients, even those with only a
few mutations, had associations with infections. These associa-
tions persisted despite the large range in age of the population of
female sporadic cancer patients (31-92). There were differences
as well in common tumor markers such as estrogen receptors,
progesterone receptors, and HER?2 status.’® Moreover, there are
probably many more mutation—infection associations because
Figure 1 shows that thousands of mutations with likely associa-
tions could not be evaluated.

Infections such as HPV and EBV are known cancer
viruses that are almost universal in the human population.
Patient populations from the developing world who contrib-
uted the DNA sequences are at high risk from hepatitis viruses.
Mutations that interfere with the control of these known
cancer-causing infections would be reasonably expected to
increase the number of cancers caused by these infections.
High-risk gene mutations in BRCA1 and BRCA2 may have
clear links to infection. In prophylactic tissue removed from
high-risk BRCA1/2 patients, signs of infection are present even
when there are no signs of cancer (B. Friedenson, unpublished
observation). Histology photos of breast cancer cells suggest
that they are often infected. Many breast cancers contain what
look like hollow cells with gutted cytoplasm, a zone of clearing
around the nucleus, changes in the cell cytoskeleton, and dam-
age to primary cilia. Breast cancer cells also often contain other
signs of viral infection: nuclear and cytoplasmic inclusion bod-
ies, altered shapes, strangling of cytoplasm causing tentacles
and projections, and chromatin redistribution or margination
(B. Friedenson, unpublished observation).

Defenses against microbial infection are multilayered and
depend on exposure and the condition of the immune system.
Cancer gene mutations gather on common functions needed
to control pathogens, so mutations create gaps in defenses.
Responses to pathogens requiring multiple diverse host genes
and proteins suggest how mutations could contribute to cancer
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in infected individuals and how specific groups of infections
might contribute to cancer in populations with particular gene
mutations. In most cases, the gene with a mutation was essen-
tial to prevent the infection or was required in order for the
infection to proceed. This argues that many infections can-
not be due to random associations between mutated genes and
microorganisms. Despite the above arguments, some infec-
tions probably occur after the cancer has developed and could
represent cancer symptoms.

A practical application of this new genomic and structural
evidence is that it may be feasible to eradicate occult infections
and perhaps compensate for some gaps in immune defenses.
Vaccinations against likely potential infections may be possible
and helpful. Breast cancer cells with their damaged genes are
easier to infect with some microbes than cells that do not have
damage to the same genes. Therapy with oncolytic microbes
that can take advantage of the deficits in breast cancer cells may
destroy them with minimal damage to normal cells.

Many viral proteins target host proteins that have major
impacts on the cell cycle of host infection targets. Viral proteins
also target major regulatory proteins such as p53, RB, and the
anaphase-promoting complex via diverse mechanisms.’! Short
stretches of viral protein amino acids (short linear motifs of
3-10 amino acids)®? interact with such major host regulatory
proteins. Short viral interacting sequences are abundant in the
human proteome. They make viral interactions with critical
host proteins much less specific and much less sensitive to host
gene mutation than the complex processes that normally regu-
late host cells.

Tables 1-4 suggest that altered responses to multiple
infections seem to be the rule. The presence of weakened
defenses in the face of large numbers of possible infections
may factor into explanations for why cancer cells become resis-
tant to targeted therapies. Removal of cancer cells related to
one set of infections/mutations may clear the way for cancers
associated with alternate different infections/mutations. Tar-
geted therapy then clears the way for competing infections
in the group of abnormal vulnerable cells so targeted therapy
may fail. The diversity of exome mutations and infections that
can potentially participate in carcinogenesis shows that cancer
therapy should not consider cancer as a single-gene disease.

At least four well-studied cancer viruses (EBV, HBV,
HCV, and HPV) are all represented equally in Table 1.
HIV-1 occurs about 50% more often and H. pylori about half
as often. HPV cancer is thought to be stimulated by coexist-
ing infections such as chlamydia and HSV-2. Figures 2 and 3
show abundant opportunities for more than one infection to
become involved in cancer. Breast cancers share the same frac-
tion of their gene mutations with HPV viral cancers of the

4 « : ”
a non—v1ra1 cancer

cervix and with small-cell lung cancer,
attributed to smoking in almost all cases.*® The results shows
that multiple infections can be associated with breast cancers
depending on the mutations present. DNA sequencing and

microorganism associations were not randomly selected from

the general population of breast cancer patients. Thus, the idea
that these particular microorganisms are associated in general
with breast cancer in roughly these proportions would depend
on the mutations and exposures to infection within the popu-
lation. This requires further study.

'The disease stage and type of cancer were not controlled in
the 103 breast cancers so infection—mutation associations cannot
yet be assigned to any specific stage of the disease. The present
study was also quite small but should be easy to expand to larger
groups. Another limitation is that the results are biased by the
amount of study that each mutation—infection association has
received so that genes or infections having the greatest interest
are more likely to be represented. The number of infections that
can potentially infect humans is probably close to limitless, but
there are only a finite number of critical infections in the groups
of breast cancer patients from Mexico and Vietnam.

Damage to host cell-protective signals account for high
percentages of mutations found in breast cancer cells but must
be rationalized with the widely held belief that =10 mutations
are sufficient to cause cancer and that additional mutations occur
as time passes.”* However, the vast differences in the numbers of
mutations in a series of breast cancers show no relationship to the
age of the patient,”>* suggesting vastly different mutation rates.
Evidence supporting =10 mutations comes largely from experi-
ments using relatively homogeneous cell cultures that contrast
with heterogeneous cancers. Highly important and significant
advances have resulted from cancer cell culture experiments, and
cancer cell cultures are an invaluable resource. However, rely-
ing only on events within a single cell might limit the conclu-
sions. In cell culture, there are only fragments of an immune
system; natural protection is largely gone against infection or
against abnormal cells; many anatomical and cellular barriers
to infection are removed and important protective interactions
with the extracellular matrix are not possible. Nonetheless, anti-
biotics and sterile technique preclude infection. In many experi-
ments, architectural barriers within the cell to cancer-causing
infections are overcome by forcible DNA transfection. Normal
host cells in a culture without systems that protect from cancer-
causing infections may require far fewer mutations to develop
cancer. Moreover, cancers strategically placed in the immune
system may require fewer mutations than other cancers because
the malignancy itself impairs immunity. The success of the drug
Gleevec for CML with reciprocal translocated chromosome
fragments, has not been widely duplicated in other cancers, sug-
gesting that most cancers are different from CML.

Conclusions

Many mutations in breast cancer alter susceptibility to infec-
tion. Change in infection susceptibility is a common thread
connecting cancer mutations in diverse functions. Infections
and mutations can both contribute to cancer because they
deregulate the same pathways. Interventions may be possible
to prevent infections from cooperating with mutations to
cause further cancer, metastasis, or other complications.
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The emerging list of infection—gene mutation associations is
readily scalable to routine testing of large human data sets.

Gene Symbols

A useful nomenclature resource for current gene names and
gene symbols is Entrez Gene. The HUGO Gene Nomencla-
ture Committee (e-mail: hgnc@genenames.org) and http:/
www.genenames.org provide human gene symbols.

Microorganism Abbreviations

AAF, Adeno-associated virus; ADV, Adenovirus; AEV,
African Epidemic virus; AFSV, African swine fever virus;
BHV-1, bovine herpesvirus-1; BLV, bovine leukemia virus;
CHIKYV, Chikungunya virus; CVB3, Coxsackie virus; DENV,
Dengue virus; EBV, Epstein-Barr virus; ECHO30, Echo-
virus30; EMCYV, encephalomyocarditis virus; FV, Foamy
virus; HBV, Hepatitis B virus; HBE, hepatitis E virus; (H)
CMYV, (Human) cytomegalovirus; HCV, Hepatitis C virus;
HERV, Human endogenous retrovirus; HEV71, human
enterovirus 71; HPV, human papilloma virus; HHV-8, human
herpes virus type 8/Kaposi sarcoma associated herpes virus;
HIV, Human immunodeficiency virus; hMPV, human meta-
pneumovirus; HSV, Herpes simplex virus; HVS, herpesvirus
saimiri; HMPV, human metapneumovirus; HPIV3, Human
parainfluenza virus type 3; BKV, Human polyomavirus BK;
HTLV-1, Human T-cell leukemia virus; IAV, Influenza A
virus; JCV, John Cunningham virus; JEV, Japanese encephalitis
virus; KSHV, Kaposi sarcoma-associated herpesvirus; LCMV,
murine lymphocytic choriomeningitis virus; MDV, Marek’s
disease virus; MCPyV, Merkel cell polyoma virus; MHV-08,
Mouse hepatitis virus; MMTV, Mouse mammary tumor virus;
MYV, Measles virus; MHV68, murine gammaherpesvirus68;
MLV, murine leukemia; MTb, mycobacterium tuberculosis;
NDV, Newcastle disease virus; NiV, Nipah virus; OROV, Oro-
pouche virus; PV, poliovirus; RVFV, Rift valley fever virus;
RSV, Respiratory syncytial virus; RV, rhinovirus; SV-A, salivi-
rus A; SeV, Sendai virus; SFV, Semliki Forest virus; SIV, sim-
ian immunodeficiency virus; TBEV, tick borne encephalitis;
TGEV, transmissible gastroenteritis virus; TMEV, Theiler’s
murine encephalomyelitis virus; TTVs, Torque teno viruses;
VACYV, Vaccinia virus; VSV, Vesicular stomatitis virus; VZV,
Varicella zoster virus; WNV, West Nile virus.
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