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An Introduction 

•  Post-doc with Tim Ley  
•  Acute Myeloid Leukemia 
•  transcriptome, genome (copy number variants, whole 

genome/exome sequencing) 

•  Co-direct Barnes Molecular Diagnostics Lab 

•  My lab 
•  Epigenomics of B cell lymphoma 
•  Development of targeted epigenetic modifiers 
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R E V I EW S

HDACs and transcriptional repression
The acetylation status of chromatin that is associated
with particular genes is dependent on both HAT and
HDAC activities. HDACs are involved primarily in the
repression of gene transcription by virtue of the com-
paction of chromatin structure that accompanies the
removal of charge-neutralizing acetyl groups from the
histone lysine tails5–13 (FIG. 2).

Three classes of HDAC have been identified that
might be involved in modelling the structure of chro-
matin6–13,36,37 (TABLE 2). As with HATs, HDACs are found
in multiprotein complexes that regulate gene transcrip-
tion. Class I human HDACs have homology to a yeast
HDAC called Rpd3, and include HDAC1, HDAC2,
HDAC3 and HDAC8 (REF. 9). Class II HDACs include
HDAC4, HDAC5, HDAC6 and HDAC7, and the recent-
ly discovered HDAC9 (REF. 38), and are homologous to
the yeast HDAC Hda1 (REF. 9). There is no evidence that
any of the HDAC inhibitors in clinical trials are selective
for one or another of the human HDACs, but HDAC6
might be less sensitive then other class II HDACs to
inhibition by one inhibitor, CHAPS (cyclic tetrapeptide-
hydroxamic acid analogues)39. HDACs of class I and II
each map to different chromosomal sites8,9. The third
class of human HDACs consists of homologues of yeast
and mouse Sir2, which have an absolute dependence on
NAD+ for activity and are insensitive to inhibition by
the HDAC inhibitor trichostatin A (TSA)36,37. A core-
pressor — HDRP/MITR (histone-deacetylase-related
protein/MEF2 interacting transcriptional repressor) —
is an alternatively spliced isoform of HDAC9 that does
not contain the catalytic site40. HDACs and HATs deter-
mine access of the transcriptional machinery to DNA
that is complexed to chromatin, by altering the structure
of nucleosomes. HDACs, by decreasing the level of his-
tone acetylation, can lead to a local alteration in the
structure of chromatin, which facilitates gene-specific
repression of transcription. Although there is little evi-
dence so far that any of the human HDACs have specific
gene-regulatory roles, it has been shown that HDAC4
and HDAC5, but not HDAC1 or HDAC3, can inhibit
myogenesis by associating with MEF2 and repressing
MYOD activity 41. Furthermore, studies with yeast — in
which specific HDACs were deleted — indicate that
Rpd3, Sir2 and Hda1 might have distinct functions in
cell-cycle progression, amino-acid biosynthesis, and car-
bohydrate transport and use, respectively42.

In addition to HATs and HDACs, several other types
of protein are involved in determining chromatin struc-
ture and gene expression, such as methyl CpG-binding
proteins and ATP-dependent chromatin-remodelling
complexes32,33. These chromatin-modifying complexes
interact with HATs and HDACs.

Like HATs, HDACs also have targets other than his-
tones and, once again, they include transcription fac-
tors. Deacetylation of these substrates — which include
p53, E2F, GATA1, TFIIE and TFIIF — might explain
the ability of HDACs to regulate gene expression by a
mechanism that is distinct from their effects on chro-
matin7–9 . HDACs have been found in complexes with
proteins that are involved in the regulation of cell-cycle

HATs and transcriptional activation
A relationship between histone acetylation and transcrip-
tional activation was first suggested more than 30 years
ago35, but the molecular machinery engaged in this
process has only been identified in the past few years29–33.
HATs can be divided into several families on the basis of a
number of highly conserved structural motifs (TABLE 1).
These include the GNAT family (Gcn5-related N-acetyl
transferase); the MYST group, named after its principal
members MOZ (monocytic leukaemia zinc finger pro-
tein),YBF2/SAS3, SAS2 and TIP60 (TAT-interactive pro-
tein-60); and the p300/CBP family — two closely related
HATs that, like all known HATs, do not bind directly to
DNA but are recruited to promoters by means of DNA-
bound transcription factors33. There is evidence that the
acetylation of histone-tail lysines is not random; indeed,
HATs preferentially acetylate specific histone lysine sub-
strates32–33. In general, HATs function in association with
protein complexes that can include an array of other
HATs, transcription co-activators and corepressors
(TABLE 1). It is expected that the regulation of gene expres-
sion that is controlled through these mechanisms will be
based on a complex pattern of associations.Another fac-
tor that contributes to the complexity that is inherent in
acetylation-related control of gene expression comes
from the evidence that HAT enzymes also target non-
histone protein substrates, including transcription fac-
tors. The term FATs (factor acetyltransferases) has been
coined for this group33. Such substrates include E2F, p53
and GATA1. The acetylation of these factors has an
impact on their DNA-binding properties and, in turn, on
their effect in altering gene transcription33.

CHAPS

A type of histone deacetylase
inhibitor in which a
hydroxamic-acid moiety is
linked to a cyclic tetrapeptide
analogue of trapoxin.

CpG ISLAND

DNA region of >500 base pairs
that has a high CpG density and
is usually unmethylated. CpG
islands are found upstream of
many mammalian genes;
methylation leads to
transcriptional silencing.
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Figure 1 | Schematic of the structure of histones in nucleosomes. a | The core proteins of
nucleosomes are designated H2A (histone 2A), H2B (histone 2B), H3 (histone 3) and H4
(histone 4). Each histone is present in two copies, so the DNA (black) wraps around an
octamer of histones — the core nucleosome. b | The amino-terminal tails of core histones.
Lysines (K) in the amino-terminal tails of histones H2A, H2B, H3 and H4 are potential
acetylation/deacetylation sites for histone acetyltransferases (HATs) and histone deacetylases
(HDACs). Acetylation neutralizes the charge on lysines. A, acetyl; C, carboxyl terminus; E,
glutamic acid; M, methyl; N, amino terminus; P, phosphate; S, serine; Ub, ubiquitin. (Adapted
from REF. 31).



What do we mean by “cancer genetics”? 

•  the role of the genome in cancer  
•  susceptibility  
•  genesis  
•  survival  
•  progression 
•  resistance 
•  recurrence 



How can the genome play a role in 
cancer? 

•  mutations  

•  “changes” in the genome sequence 

•  what are these changes? 

•  how do they occur? 

•  how do they influence the process that is cancer? 

•  what (if anything) can we do about them? 



mutations  

•  sequence difference compared to the “reference” 

•  Human Genome project = reference genome 
•  few individuals 
•  not ethnically diverse 



Human Genome Project 

Completed 2001 
$1 billion 
10 years 



Human Genomes 



Mardis, EM Nature Feb 2011 



Impact on (non-cancer) disease discovery 

•  common variants in neurodevelopmental syndromes 
•  autism, schizophrenia, ADHD, bipolar disorder, depression 
•  Lancet Feb 2013 

•  rare disorders 
•  severe neurodevelopmental delays and immunodeficiencies 
•  small families or single individuals 
•  case of severe, intractable IBD in a child 



Benefits 

•  Diagnostic testing 

•  Pre-symptomatic testing 

•  Identification of new loci for research 



Cancer Genomes 

•  Breast 

•  Colon 

•  Lung 

•  Prostate 

•  Melanoma 

•  Pancreatic 

•  Renal 

•  Brain 

•  Leukemia 

•  Lymphoma 



Benefits 

•  Diagnostic testing  
•  differentiate subtypes 

•  Prognostic testing 
•  different subtypes or presence of mutation impact outcome 

•  Theranostic testing 
•  some mutant proteins are drug targets 

•  Identification of new loci for research 



Mutated genes and their drug targets 

•  A detected mutation may 
suggest a drug: 
•  ALK (fusion): Crizotinib 
•  BRAF: Vemurafenib 
•  EGFR: Gefitinib 
•  JAK2: Ruxolitinib 
•  KIT: Imatinib 
•  … 

•  A detected mutation may 
suggest not to use a 
drug: 
•  KRAS,PTEN,PIK3CA, … 

•  A detected mutation may 
suggest clinical trials: 
•  FLT3, PIK3CA, … 



Activation of epidermal growth factor 
signaling pathways 

Nyati M, et al. 2006; Walther A, et al. Nat Rev Ca 

KRAS 
mutant 



“mutations” 

•  polymorphisms/germline variants  
•  susceptibility 
•  cancer syndromes 

•  somatic variants 
•  sporadic cancers 
•  therapy-related/environmental cancers 

 



Inherited cancer syndromes 

•  Lynch syndrome (colon, endometrial) 
•  mismatch repair genes 

•  Li-Fraumeni (sarcoma, breast, glioma, leukemia) 
•  TP53 

•  Neurofibromatoses 
•  NF1 

•  Inherited breast cancer 



Inherited breast cancer 

•  female carriers: >80% lifetime risk of breast cancer 
and 20-65% risk of ovarian cancer 

•  BRCA1 locus = 100kb, ORF 5.5kb 

•  BRCA2 locus = 84kb, ORF 10kb 

•  all mutation types reported (truncating, frameshift, 
missense, duplications, deletions, rearrangements) 

•  clinical testing a challenge 



BRCA1 and 2 clinical testing 



Patent case 



Gene patents 

•  > 40,000 patents on DNA 
molecules 

•  many patents filed on 15mer 
sequences 

•  court rulings have supported IP 
rights on these 

•   average gene matches 364 
other genes as 15mers 

•  41% of genes covered by at 
least one patent 

Rosenfeld Genome Medicine 2013 



Diagnostic gene patents are broader 

•  written to find any known or unknown variation of a gene 

•  > (2N ) – 1 possible combinations of mutations for a gene 



BRCA1 patent 5,747,282 
•  Claim #1. An isolated DNA coding for a BRCA1 

polypeptide, said polypeptide having  the amino acid 
sequence set forth in SEQ ID NO:2 (the BRCA1 cDNA). 

•  Claim #2. Th e isolated DNA of claim 1, wherein said DNA 
has the nucleotide sequence set forth in SEQ ID NO:1 (the 
BRCA1 gene). 

•  Claim #5. An isolated DNA having at least 15 nucleotides of 
the DNA of claim 1 

•  Claim #6. An isolated DNA having at least 15 nucleotides of 
the DNA of claim 2. 

http://www.google.com/patents/US5747282 



BRCA1 and 2 clinical testing can only be 
performed by Myriad 



http://www.aclu.org/free-speech-technology-and-liberty-womens-rights/association-molecular-pathology-v-myriad-genetics 



BRCA1 patent challenge  

•  In 2009 the ACLU + many other groups and individual 
patients challenged the BRCA patent 

•  Association for Molecular Pathology, et al. v. U.S. 
Patent and Trademark Office, et al. 

•  researchers, genetic counselors, women patients, 
cancer survivors, breast cancer and women's health 
groups, and scientific associations representing 
150,000 geneticists, pathologists, and laboratory 
professionals 



BRCA1 patent challenge  

•  in 2010, a US District Court 
ruled that isolated DNA is 
“not patentable subject 
matter” 

•  in 2011, US Federal Court 
of Appeals overruled (2 to 
1) stating that isolated DNA 
is “markedly different” from 
native genomic DNA and 
therefore patentable 

Rosenfeld Genome Medicine 2013 



BRCA1 patent challenge - now 

•  On November 30, 2012, the Supreme Court agreed 
to hear argument during the current session on 
the patentability of human genes. 



S 

Somatic cancers 



31 

All cells contain the same genotype 

Time 

Constitutional/germline genomes 

Mutation 
present only 
in cancer 
cells (cancer 
genome) 

CONSTITUTIONAL/GERMLINE VS. SOMATIC MUTATIONS 



AML Whole Genome Sequencing 



IDH1 



AML clonality 



AML evolution 





Benefits of cancer mutation discovery 

•  Diagnostic testing  
•  differentiate subtypes 

•  Prognostic testing 
•  different subtypes or presence of mutation impact outcome 

•  Theranostic testing 
•  some mutant proteins are drug targets 

•  Identification of new loci for research 







Vision	  
‘one	  assay	  to	  rule	  them	  all’	  

slide courtesy of Eric Duncavage 



Overview	  

DNA	   Capture	   Sequence	   Align	  

SNV	  

Indels	  

Trans-‐	  
loca=ons	  

Validate	   Report	  

Variant	  Detec+on	  

slide courtesy of Eric Duncavage 



Data	  Analysis	  Pipeline	  

slide courtesy of Eric Duncavage 



Patient case report 

•  55 y.o. F presented with lower abdominal pain 

•  CT scan and FDG PET noted 2 lesions in liver and 1 
in the mediastinum 

•  liver biopsy consistent with metastatic, poorly-
differentiated carcinoma 

•  pathological diagnosis: metastatic thymic carcinoma. 



Treatments… 
1.  Paclitaxel and carboplatin, 4 cycles, from 9/16/2010 to 

11/18/2010. 

2.  Cycle #5 of paclitaxel and carboplatin dose reduced to 
175 mg/m2 on 12/9/2010; due to neuropathy. 

3.  Pemetrexed 500 mg/m2, two cycles, from 7/11/2011 to 
8/25/2011. 

4.  Gemcitabine 1000 mg/m2 started on 8/25/2011, with 6 
cycles through 1/5/2012. 

5.  Chemoembolization of the liver tumors in segments 5 
and 8 with 50 mg of doxorubicin on 2/3/2012. 



NGS sequencing results 

IGV (Integrated Genome Viewer) 



Three base pair deletion resulting in p.D579del  

IGV (Integrated Genome Viewer) 



Sequencing Results 

•  “possible pathogenic mutation” in the KIT gene.  

•  p.D579del (c.1735_1737delGAT) KIT mutation 

•  occurs in the juxtamembrane domain (exon 11) of the protein 

•  was Sanger sequenced to confirm    



Sanger sequencing to confirm deletion 



Sanger sequencing to confirm deletion 



p.D579del 

•  this variant has been observed previously in the 
setting of gastrointestinal stromal tumors (GIST).   

•  KIT mutations have been documented in a small 
proportion ~7% of thymic carcinomas and the 
spectrum of mutations is thought to overlap those 
detected in GISTs (Clin Cancer Res. 2009 Nov 15;15
(22):6790-9).   



KIT 

•  v-kit Hardy-Zuckerman 4 feline sarcoma viral 
oncogene homolog of proto-oncogene c-kit 

•  type 3 transmembrane receptor for MGF (mast cell 
growth factor) 

•  Mutations associated with gastrointestinal stromal 
tumors, mast cell disease, acute myelogenous 
leukemia, and piebaldism 



KIT 
mutations 

p.D579del 



Targeted therapy 

•  Imatinib (Gleevec) 

•  tyrosine kinase inhibitor 

•  first targeted cancer 
therapy 

•  inhibits bcr-abl fusion 
kinase and others 



Imatinib (Gleevec) for GIST patients: 

•  ~85% of GIST patients have a KIT mutation 
•  2 yr survival: from 26% before Imatinib, to 70% with imatinib 

•  Blanke, CD et al, JCO;26,4, Feb 1 2008; 626-632 



Treatments history for this patient 
1.  Paclitaxel and carboplatin, 4 cycles 

2.  Cycle #5 of paclitaxel and carboplatin dose reduced to 
175 mg/m2 on --------; due to neuropathy. 

3.  Pemetrexed 500 mg/m2, two cycles, 9 months later 

4.  Gemcitabine 1000 mg/m2 started on -----, 6 cycles 

5.  Chemoembolization of the liver tumors in segments 5 
and 8 with 50 mg of doxorubicin on ------- 

6.  Imatinib therapy started based on the presence of 
mutation in exon 11 of the KIT gene  



--------- 

[The patient] returns today for scheduled follow up visit. 

Her most recent CT scan shows essentially stable with 
disease with no new or worsening metastatic lesions. 

She is continuing to tolerate the Gleevec quite well. 



Cancer genetics summary 

•  really big topic 

•  a small introduction today 

•  the genome is just a platform for the real action…. 



SNPs per individual genome 


