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Tobacco Causes Human Cancers—A Concept
Founded on Epidemiology and an Insightful
Experiment Now Requires Translation Worldwide
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Abstract

The recognition that tobacco smoke is carcinogenic led to the
most significant and successful effort at reducing cancer incidence
in human history. A major milestone of this effort was the
publication in Cancer Research by Wynder and colleagues, which
demonstrated the ability of tobacco tars to produce tumors in
mice. This study provided a powerful link between the epidemi-

In the early 1950s, a series of epidemiologic studies revealed a
strong statistical association between lung cancer and smoking,
particularly cigarettes (1). These studies additionally revealed a
weaker correlation between cigarette smoking and cancers of the
oral cavity, larynx, and esophagus, which constitutes the logical
pathway for inhalation of cigarette smoke and the deposition of
particulates. However, while many other potential human carcino-
gens had been shown to generate tumors in a variety of laboratory
animals (2), application of cigarette smoke or tobacco tars in
animal studies were inconclusive (3). Major confounding factors
in these studies included the variable methodologies for extracting
tobacco tars and the limited time of application feasible in animal
studies. In human cancers there is a 20- to 30-year lag time between
the exposure to a carcinogen and the detection of a tumor, a lag time
that could not be replicated in animal studies. Thus, there was an
urgent need to generate an experimentally tractable animal system
to test the carcinogenic potency of cigarette smoke to provide
independent support to the existing epidemiologic correlations.

The classic article by Wynder and colleagues (3) addressed this
need. They designed a machine to mimic smoke inhalation by
humans and collected the resultant tobacco tars; these tars were
then painted onto the skins of mice at weekly intervals for up to 8
months. Wynder and colleagues observed papillomas after 8
months, and, by 2 years, 44% of the mice had histologically
documented skin cancers. This study provided a working tool for
the identification of carcinogenic agents in cigarette smoke. One
ultimate goal of their work was to remove the carcinogens from
tobacco products; another was to understand the mechanism of
carcinogenesis by tobacco carcinogens.

Subsequent studies in different animal species complicated the
early studies on tobacco-induced cancers. While the original
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ology of cancer and mechanisms of carcinogenesis. This com-
mentary asserts that we have a moral obligation to translate our
success in reducing lung cancer in the United States to the 1.25
billion smokers throughout the rest of the world. Cancer Res; 76(4);
765-6. ©2016 AACR.

See related article by Wynder et al., Cancer Res 1953;13:855-64.

results of Wynder and colleagues were confirmed in many labo-
ratories, some additional results were unexpected. For example,
there is no single carcinogen in tobacco smoke (4). Chemical
carcinogens in cigarette smoke that have been shown to cause
cancer in at least one animal species include 4-methylnitrosoa-
mino-1-(3-pyridyl)-1-butapone (NNK), N-nitrosonornicotine
(NNN), polycyclic aromatic hydrocarbons (PAH), radon, and
formaldehyde (4, 5). Known carcinogens, including acrolein,
acetaldehyde, 1,3 butadiene, and benzene are also present in
cigarette smoke (5, 6), although they have not yet been conclu-
sively shown to cause lung cancer. Of the more than 7,000
compounds inhaled during smoking, 72 have thus far been
identified as carcinogenic by the International Agency for Research
on Cancer (7). The original goal of removing carcinogens from
cigarettes was, thus, unrealistic; cigarettes cannot be sanitized.

The variety and diversity of chemical carcinogens identified in
cigarette smoke, their association with human cancers, their
interaction with cellular metabolic processes, and the mutagenic
adducts formed in DNA has been a major factor in driving
mechanistic studies on DNA repair and mutagenesis. Most altered
nucleotides in DNA are excised and the DNA sequence is restored
prior to cell replication. This year, the Nobel Prize Committee
recognized the importance of DNA repair by awarding the Nobel
Prize in Chemistry to Drs. Lindahl, Sancar, and Modrich, who
respectively pioneered the delineation of pathways for base
excision repair, nucleotide excision repair, and mismatch repair.
These DNA repair processes result in most tobacco-induced
altered nucleotides in DNA prior to cellular replication.

Of'the 72 carcinogenic compounds in cigarette smoke, NNKand
PAH have been studied most extensively (5, 8). While they do not
directly interact with DNA, cellular enzymes metabolize them to
produce derivatives that form covalent adducts with nucleotides in
DNA (8). These modified nucleotides are thought to either mis-
code or stall DNA replication, resulting in point mutations and
chromosomal rearrangements, respectively (9). For the most part,
DNA damage produces mutations randomly throughout the
genome, including genes that encode proteins that maintain
geneticstability. Unrepaired DNA damage can reduce the efficiency
of DNA repair or the fidelity of DNA synthesis. DNA damage as a
consequence of smoking cigarettes can result in a mutator
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phenotype (10); this likely accounts for the tens of thousands of
mutations found in human lung cancer (11). Interestingly, nico-
tine, the habituating agent in cigarette smoke, has not been shown
to be carcinogenic. It has, however, been shown to promote cell
proliferation and cell division and to inhibit apoptosis. Thus,
nicotine could actsynergistically with the carcinogenic compounds
in cigarette smoke to enhance mutagenesis (12).

Polymorphisms in the genes of enzymes responsible for the
metabolic activation of chemical carcinogens may be responsible
for some of the variations in the susceptibility of different human
populations to cigarette-induced lung cancers (13). However, these
variations are small compared with the overall incidence of lung
cancer due to smoking, and they do not justify the stratification of
resources to reduce cancer in specific populations. Advances in
technology have made it feasible to quantify human exposure to
cigarette smoke. Ultra-sensitive mass spectrometry is being used to
measure a panel of tobacco carcinogens and toxicant metabolites
including urinary cotinine and the NNK metabolite NNAL as an
index of current exposure to tobacco products (14). DNA damage is
being measured by digestion of cellular DNA and detection of
modified nucleotides by high pressure liquid chromatography, mass
spectrometry, and post-labeling (15, 16). Changes in DNA repair
enzymes have been proposed as a biomarker for smoking (17).
Methods to measure random mutations in DNA by ultra-accurate
DNA sequencing has made it possible to quantitate mutation load
(18) with the likelihood of developing lung cancer in smokers. Each
of these technologies offers the possibility of determining the
likelihood of developing lung cancer in smokers as well as the
effectiveness of different approaches to chemoprevention.

Evidence suggests that those who decide to smoke are likely to
die as a result of that decision, as tobacco-induced cancers are
among the most malignant tumors—the five-year survival rate of
lung cancer is 17.4% (2005-2011; ref. 2). However, the decision
may not be voluntary, as the powerful advertising of the tobacco
industry may greatly influence the choice of many people. The
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American Association for Cancer Research and other groups have
made major commitments to reduce cigarette smoking in the
United States (4). As a result, smoking prevalence in males is
down 50% since 1960 and death from lung cancer has been
reduced by 38% from 1990 to 2014. A parallel but less dramatic
reduction has occurred in females. Together, these results estab-
lish the importance of smoking cessation in cancer prevention
(19). However, 17% of American adults are still smoking, with
5% to 7% of young adults starting each year.

To compensate for the decline in revenue due the reduction in
smoking in the United States, the tobacco industry increased its
export of tobacco throughout the world. The reduction in smok-
ing in the United States contrasts with the increase in most other
countries. It is estimated that there are 1.25 billion smokers
worldwide and more than one million people die of tobacco-
induced lung cancer each year. This is a major worldwide epi-
demic thatis entirely human caused. An equal number of smokers
succumb to emphysema, vascular disease, and other tobacco-
associated diseases each year. It is time for us to extend our success
in reducing tobacco-associated diseases in the United States to
other countries that lack adequate resources to combat the pow-
erful advertising by tobacco industries.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments

The author appreciates the continued support by the National Cancer
Institute for many years. The author would also like to thank Edward Fox, Kate
Bayliss, and Jesse Salk for editorial assistance, and Stephen Hecht for critical
comments. The author apologizes that, in this commentary, many of the
important steps and references that reduce tobacco-mediated cancer deaths in
the United States were omitted due to space limitations.

Received January 15, 2016; accepted January 15, 2016; published online
February 15, 2016.

pyridyl)-1-butanone-induced lung tumorigenesis. Cancer Prev Res
2011;4:1752-60.

13. Park SL, Carmella SG, Chen M, Patel Y, Stram DO, Haiman CA, et al.
Mercapturic acids derived from the toxicants acrolein and crotonaldehyde
in the urine of cigarette smokers from five ethnic groups with differing risks
for lung cancer. PLoS One 2015;10:1371.

14. Chadwick CA, Keevil B. Measurement of cotinine in urine by liquid chro-
matography tandem mass spectrometry. Ann Clin Biochem 2007;44:455.

15. Randerath K, Zhou GD, Somers RL, Robbins JH, Brooks PJ. A 32 P-post
labeling assay for the oxidative lesion 8,5’-cyclo-2’-deoxyadenosine in
mammalian tissues: evidence that four type II I-compounds are dinucleo-
tides containing the lesion in the 3’ nucleotide. ] Biol Chem 2001;276:
36051-7.

16. Hecht SS, Yuan J-M, Hatsukami DK. Applying tobacco carcinogen and
toxicant biomarkers in product regulation and cancer prevention. Chem
Res Toxicol 2010;23:1001-8.

17. Leitner-Dagan Y, Sevilya Z, Pinchev M, Kremer R, Eiligner D, Rennert HS,
et al. Enzymatic MPG DNA repair assays for two different oxidative DNA
lesions reveal associations with increased lung cancer risk. Carcinogenesis
2014;35:2763-70.

18. Schmitt MW, Kennedy SR, Salk JJ, Fox EJ, Hiatt JP, Loeb LA. Detection of
ultra-rare mutations by next-generation sequencing. Proc Natl Acad Sci
U S A2012;108:14508-13.

19. Surveillance, Epidemiology, and End Results (SEER) Program of the
National Cancer Institute [Internet]. SEER stat fact sheets: lung and bron-
chus cancer. Bethesda (MD): National Institutes of Health. Available from:
http://seer.cancer.gov/statfacts/html/lungb.html.

Cancer Research

Downloaded from cancerres.aacrjournals.org on December 8, 2021. © 2016 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

AAC_R American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Tobacco Causes Human Cancers—A Concept Founded on
Epidemiology and an Insightful Experiment Now Requires
Translation Worldwide

Lawrence A. Loeb

Cancer Res 2016;76:765-766.

Updated version

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/76/4/765

Cited articles

This article cites 18 articles, 6 of which you can access for free at:
http://cancerres.aacrjournals.org/content/76/4/765.full#ref-list-1

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/76/4/765.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on December 8, 2021. © 2016 American Association for Cancer Research.


http://cancerres.aacrjournals.org/content/76/4/765
http://cancerres.aacrjournals.org/content/76/4/765.full#ref-list-1
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/76/4/765
http://cancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




