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Cancer,	  Brain	  and	  
Supercomputing

Three	  White	  House	  Initiatives

• National	  Strategic	  Computing

• Precision	  Medicine	  

• BRAIN	  





The	  Cell	  Cycle

• Most	  adult	  cells,	  without	  growth	  stimulus,	  
will	  go	  into	  the	  G0 phase	  of	  the	  cell	  cycle

• However,	  when	  a	  growth	  factor	  binds	  to	  its	  
receptor	  on	  the	  cell	  membrane,	  a	  cascade	  
starts	  and	  the	  cell	  prepares	  to	  enter	  G1



Growth	  stimulus

• Growth	  factors
– Epidermal	  Growth	  Factor	  (EGF)
– Platelet-‐Derived	  Growth	  Factor	  (PDGF)

• Binds	  to	  Receptors	  Protein	  Tyrosine	  Kinase	  
(RPTK)



Preparing	  the	  cascade

• Grb2	  (adaptor	  protein)	  binds	  to	  
phosphorylated	  tyrosine
– Recruits	  SoS (Ras activating	  protein)

• SoS exchanges	  GDP	  for	  GTP
– Activates	  Ras

• Ras must	  be	  membrane	  bound	  to	  be	  active



The	  ERK	  Cascade

• RAS
– Raf
• MEK

– ERK

• Causes	  gene	  expression	  changes	  via	  proteins	  
such	  as	  c-‐Myc





Joint	  Design	  of	  Advanced	  
Computing	  Solutions	  for	  Cancer	  
DOE-‐NCI	  partnership	  to	  advance	  
cancer	  research	  and	  high	  
performance	  computing	  in	  the	  U.S.

December	  11,	  2015

Presented	  to:
Secretary	  Moniz	  and	  Director	  Lowy
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National	  
Cancer	  
InstituteDOE

Department
of	  Energy

Cancer	  driving	  
computing	  
advances

Computing
driving	  cancer
advances

This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  Lawrence  Livermore  National  Laboratory  under  Contract  DE-AC52-07NA27344.  LLNL-PRES-678642-DRAFT.



The	  NCI-‐DOE	  partnership	  will	  extend	  the	  frontiers	  
of	  precision	  oncology	  (Three	  Pilots)

§ Cancer	  Biology	  
– Molecular	  Scale	  Modeling	  of	  RAS	  Pathways
– Unsupervised	  Learning	  and	  Mechanistic	  models
– Mechanism	  understanding	  and	  Drug	  Targets	  

§ Pre-‐clinical	  Models	  
– Cellular	  Scale	  PDX	  and	  Cell	  Lines
– ML,	  Experimental	  Design,	  Hybrid	  Models
– Prediction	  of	  Drug	  Response

§ Cancer	  Surveillance	  
– Population	  Scale	  Analysis
– Natural	  Languge	  and	  Machine	  Learning
– Agent	  Based	  Modeling	  of	  Cancer	  PateintTrajectories
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RAS	  Protein	  Interaction	  Network



Developing	  new	  therapeutic	  approaches	  to	  target	  
RAS-‐driven	  cancer	  
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30% of cancers have mutated RAS
~1M deaths/year

Current therapies ineffective 
against RAS-driven cancer

Molecular Dynamics
Simulation 
Modeling RAS biology

ID targets
New inhibitors



Multi-‐modal	  experimental	  
data,	  image	  reconstruction,	  

analytics

Adaptive	  
spatial	  
resolution

Adaptive	  
time	  
stepping

High-‐fidelity	  subgrid modeling

RAS	  activation	  
experiments	  at	  NCI/FNL

Experiments	  on	  nanodisc

CryoEM imaging X-‐ray/neutron	  
scattering

Protein	  structure	  
databases

Coarse-‐grain	  
MD

Classical	  	  
MD

Quantum	  
MD

Granular	  RAS	  membrane	  
interaction	  simulations

Atomic	  resolution	  sim of	  
RAS-‐RAF	  interaction

Inhibitor	  target	  
discovery

Pilot	  2:	  	  RAS	  proteins	  in	  membranes
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New	  adaptive	  sampling	  molecular	  dynamics	  
simulation	  codes

Predictive	  simulation	  and	  analysis	  of	  
RAS	  activation	  

Unsupervised	  deep	  
feature	  learning

Mechanistic	  network	  
models

Uncertainty	  
quantification

Machine	  learning	  guided	  dynamic	  
validation



>50%	  of	  Patients	  do	  not	  respond	  to	  
chemotherapy	  for	  some	  tumors



Extremely	  high	  genetic	  diversity	  in	  a	  single	  tumor	  
points	  to	  prevalence	  of	  non-‐Darwinian	  cell	  evolution	  

Ling	  et	  al.	  PN
AS	  11	  N

ov	  2015



Estimated	  Cell	  Lineages
Ling	  et	  al.	  PN

AS	  11	  N
ov	  2015



Significance

When	  the	  data	  were	  analyzed	  by	  modern	  population	  genetic	  
theory,	  we	  estimated	  more	  than	  100	  million	  coding	  region	  
mutations	  in	  this	  unexceptional	  tumor.	  

The	  extreme	  genetic	  diversity	  implies	  evolution under	  the	  non-‐
Darwinian	  mode.	  

In	  contrast,	  under	  the	  prevailing	  view	  of	  Darwinian	  selection,	  the	  
genetic	  diversity	  would	  be	  orders	  of	  magnitude	  lower.	  

Because	  genetic	  diversity	  accrues	  rapidly,	  a	  high	  probability	  of	  
drug	  resistance	  should	  be	  heeded,	  even	  in	  the	  treatment	  of	  
microscopic	  tumors.	  
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• The	  NCI	  ALMANAC	  (A Large	  Matrix	  of	  AntiNeoplastic Agent	  
Combinations)

• Currently	  just	  over	  100	  small	  molecule	  oncology drugs	  are	  FDA-‐
approved.

• Test	  all	  possible	  pairwise	  combinations:	  ~5000	  drug	  pairs
• Test	  each	  drug	  pair	  in	  each	  of	  the	  cell	  lines	  in	  the	  NCI-‐60	  panel:
– ~300,000	  experiments
– ~4.3	  million	  wells

• Screen	  run	  at	  Frederick	  National	  Labs	  &	  2	  contract	  locations

The	  NCI	  ALMANAC:	  Testing	  All	  Pairwise	  
Combinations	  of	  Approved	  Cancer	  Drugs	  

Manuscript  In  Preparation
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NCI-‐60	  Combination	  Data

In	  addition,	  92	  xenograft	  experiments	  have	  been	  
completed	  with	  at	  least	  80%	  of	  control	  mice	  reaching	  1	  
doubling	  “event”	  for	  41	  drug	  pairs.	  	  These	  drug	  pairs	  all	  
had	  a	  good	  ComboScore in	  the	  corresponding	  cell	  line.

Control
Nilotanib 75 mg/kg/dose
Paclitaxel 15 mg/kg/dose
Paclitaxel 10 mg/kg/dose
Nilotanib 75 mg/kg/dose+Paclitaxel 15 mg/kg/dose 
Nilotanib 75 mg/kg/dose+Paclitaxel 10 mg/kg/dose 

Manuscript  In  Preparation



Patient	  Derived	  Xenograft	  Models



Pilot	  1:	  Predictive	  Models	  for	  Pre-‐Clinical	  Screening
Cell	  Line	  
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UQ	  Analysis,	  Model	  Selection,	  Model	  Improvement,	  Proposed	  Experiments

Integration	  of	  Mechanistic,	  Statistical	  and	  Inferential	  Modeling

SVM
Neural	  Networks
Bayesian	  Networks
Random	  Forest
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Deep  Learning  Formulation

Drugs  +  Cell  Lines  ⟹DNN  ⟹IC50
• Virtual  screening  new  drugs  on  existing  cell  lines  and  PDX  models
• Prediction  of  drug  IC50  on  new  tumor/cell  lines

O(107)  instances    x    O(107)  features



25



Hybrid	  Models	  in	  Cancer



Cancer	  Registries
Surveillance,	  Epidemology	  and	  End	  Results





SEERs	  Database	  All	  Cancer	  Summary



Cancer	  Patient	  Surveillance	  and	  Information	  
Integration

SEER Cancer Information 
Resource

Cancer patient demographic and clinical outcomes data

Pathology Molecular Radiation Initial 
Treatment

Survival, Progression, 
Patient Outcomes

Subsequent 
Treatment

Future diagnostics
and treatments

General population 
optimized treatments

Treatment
Effectiveness



Pilot	  3:	  Population	  Information	  Integration,	  
Analysis	  and	  Modeling
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Emerging	  NSCi Public	  Private	  Partnership	  for	  
Computing	  Precision	  Medicine

Biopharma

Government

National	  
Laboratories	  
and	  
Universities

National	  Laboratories	  
and	  Universities
ANL
ORNL
LLNL
LANL
FNLCR
Harvard	  University
University	  of	  Chicago

Government
Department	  of	  Energy
National	  Cancer	  
Institute

Biopharma
Glaxo Smith-‐Kline

Technology
Intel
IBM

Technology



Scalable	  
Data	  Analytics

Deep
Learning

Large-‐Scale
Numerical	  
Simulation

Integration	  of	  Simulation,	  
Data	  Analytics	  and	  Machine	  Learning

CORAL	  Supercomputers
And	  Exascale	  Systems

Traditional
HPC

Systems
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§ 100  trillion  connections
100  billion  neurons  

100  trillion  synapses

1  zettabyte in  ‘Google  brainmap’
- about  the  annual  global  internet  traffic

The  challenge  of  understanding  the  brain
requires  extraordinary  advances  in  neuroscience…

…	  along	  with	  cross-‐disciplinary	  efforts	  combining	  
physics,	  computation,	  x-‐ray	  science,	  and	  energy	  science	  



U.S.	  President	  Barack	  Obama	  walks	  off	  stage	  
after	  announcing	  his	  administration's	  BRAIN	  
(Brain	  Research	  through	  Advancing	  Innovative	  
Neurotechnologies)	  initiative	  at	  the	  White	  
House	  in	  Washington,	  April	  2,	  2013.





The	  Big	  Picture	  Goal

• The	  challenge	  is	  to	  map	  the	  circuits	  of	  the	  brain,	  
measure	  the	  fluctuating	  patterns	  of	  electrical	  and	  
chemical	  activity	  flowing	  within	  those	  circuits,	  
and	  understand	  how	  their	  interplay	  creates	  our	  
unique	  cognitive	  and	  behavioral	  capabilities.	  

• We	  should	  pursue	  this	  goal	  simultaneously	  in	  
humans	  and	  in	  simpler	  nervous	  systems	  in	  which	  
we	  can	  learn	  important	  lessons	  far	  more	  quickly.	  
But	  our	  ultimate	  goal	  is	  to	  understand	  our	  own	  
brains.	  







Goals	  of	  the	  BRAIN	  2025

• Discovering	  diversity:	  cell	  types
• Maps	  at	  multiple	  scales:	  connectome
• Brain	  in	  action:	  dynamic	  activity
• Demonstrating	  causality:	  link	  to	  behavior
• Identifying	  fundamental	  principles
• Advancing	  human	  neuroscience
• BRAIN	  to	  brain:	  integration	  and	  translation



Overall	  Planning	  Document
(15	  academic	  authors,	  NIH,	  NSF,	  DARPA,	  FDA)

• Vision	  and	  Philosophy
• Priority	  Research	  Areas
• Implementation	  goals,	  

deliverables,	  timelines	  
and	  Costs

• 6	  workshops
• ~100	  Participants

• computer	  scientists?
• Mathematicians?

146	  pages CS	  mentioned	  5	  times	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Math	  mentioned	  4	  times



Proposed	  BRAIN	  Initiative	  12	  Year	  Budget



BRAIN	  initiative	  Awards



FY2016	  Investments
FY2015	  ~$200M

• NIH	   $135M
• DARPA $95M
• NSF $72M
• IARPA $XM
• FDA $YM

DOE	  has	  a	  proposed	  FY17	  role	  for	  BES,	  BER	  and	  ASCR



Darpa	  Program	  Elements
• Electrical	  Prescriptions	  (ElectRX)
• Hand	  Proprioception	  and	  Touch	  Interfaces	  (HAPTIX)
• Neural	  Engineering	  Systems	  Design	  (NESD)
• Neuro	  Function,	  Activity,	  Structure	  and	  Technology	  (Neuro-‐

FAST)
• Reliable	  Neural-‐Interface	  Technology	  (RE-‐NET)
• Restoring	  Active	  Memory	  (RAM)
• Restoring	  Active	  Memory	  (RAM	  Replay)
• Revolutionizing	  Prosthetics
• Systems-‐Based	  Neurotechnology	  for	  Emergying	  Therapies	  

(SUBNETS)
• Targeted	  Neuroplasticity	  Training	  (TNT)



NSF
Program
Scope



Scales	  in	  the	  
brain

48
Lichtman and	  Denk 2011



Connectomics	  Workflow

Tissue 
Preparation

Sectioning & 
Wafer Prep

Visualization 
& Analysis

Image
Acquisition

Segmentation & 
Synapse 

Detection

Registration



Automated	  Tape	  Collection	  of	  Slices



High-‐Throughput	  Imaging

61 Beam SEM
12 TB / day
2 PB in ~6 months



We	  are	  planning	  for	  50	  such	  
microscopes

61 Beam SEM è > 91 Beam SEMs
12 TB / day à 1 PB per day
2 PB in ~6 months à 320 PB per yr 



Daniel Haehn



Stack	  Many	  Slices	  (each	  ~30nm	  thick)



Fully automatic  (RhoANA)    Hand segmentation (VAST)

Kasthuri et al., Cell 2015
Knowles-Barley et al.

13.7 million cell profiles in 1,850 slices



Progress	  on	  the	  (micro)	  Connectome

Bobby	  Kasthuri,	  et.	  al.	  Argonne,	  UChicago	  and	  Harvard



2 person-years 
1500 µm3

1/666,666th of 1 mm3
Kasthuri	  et	  al.,	  Cell	  

2015



Kasthuri	  et	  al.,	  Cell	  2015



APS	  and	  X-‐Rays	  for	  Connectome

Kasthuri	  et.	  al.	  Argonne



In-‐situ	  Reconstruction	  via	  X-‐ray	  
Tomography



Al-Awami et al.,  TVCG 2014

NeuroLines	  –
Neuronal	  Connectivity	  Analysis



DOE Contributions to	  BRAIN
ASCR	  can	  play	  a	  unique	  role	  in	  BRAIN	  
computing	  through	  advances	  in	  applied	  
mathematics	  and	  computer	  science	  
together	  with	  HPC	  facilities.

Function Theory & Models Structure
static	  datadynamic	  data abstractions

Generation	  and	  analysis	  of	  raw	  data

Linking	  structure	  to	  function	  is	  a	  ‘grand	  challenge’	  in	  general	  biology	  and	  materials
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