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Project Objectives

» Develop sensitive and quantitative LC-MS methods for
low-level DNA adducts for the foodborne carcinogen PhIP

» Evaluate the dose-response characteristics of PhIP using
both MS and DNA microarrays

» Determine if there is a No Observable Transcriptional
Effect Level or “"NOTEL” for PhIP using DNA microarrays

» Determine if there is a correspondence between the
NOTEL and No Observable DNA Adduct Level
(NODAL)




No Observable Transcriptional Effect Level
NOTEL

» The concentration of a compound at which no
detectable changes in gene transcription are observed in
exposed cells

» Extrapolation of dose-response effects from

high concentration studies have shown
nonlinear trends for some classes of compounds

when actually tested at low concentrations




Why 1s a “NOTEL" Important ?

» Presently, risk assessors define “safe” human doses of
toxicants and non-genotoxic carcinogens using the NOAEL
(no observable adverse effect level, or threshold) or the
lowest observed dose

» Default assumptions or safety factors are then used to set the
“safe” human dose below the NOAEL.:

— 10X for cross species differences
— 10X for genetic variation in sensitivity

— 10X developmental stage differences

» NOAEL effectively assumes that there is no safe dose




Linear Low-dose Response Extrapolation for

Genotoxic Carcinogens
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Practical Implications of “Poor”
Risk Assessment

Feed 40,800 trout for 4 weeks with
0 - 225 ppm Dibenzola,l]pyrene

Switch to regular feed for 9
months

Typical range of « *
rodent tumor data L]

Examine for tumors

range for trout
EDgo study

Extrapolate how much carcinogen
1s required to induce 1 extra cancer
case per million animals
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Bailey, G., et al., Chem. Res. Toxicol., 2009, 22 (7), pp 1264-1276




Practical Implications (cont.)

» Dosing range was 3 orders of magnitude
lower than previous studies for DBP

Dose-response was Not linear

Extrapolated carcinogen required to

. . . E H L]
induce 1 extra cancer case per million Typical range °fa{ .

rodent tumor dat

animals: Targeted
range for trout

EDgo study

500 — 1500 fold higher concentration
than the EPA linear extrapolation model
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EPA’s method underestimates the dose

and overestimates the cancer risk! ' LED,, ED,,
Exposure dose (log

Bailey, G., et al., Chem. Res. Toxicol., 2009, 22 (7), pp 1264-1276




Heterocyclic Aromatic Amines

Overcooked protein
containing foods

At least 20 1dentified
in cooked meats

~ 1 to 100 ng/g meat*

Carcinogenic in
various animals and
linked to breast and
colorectal cancer

PhIP is the most
abundant
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*IARC monograph, 1993, Vol. 56, Lyon, France, 211-228




Integrated Chip LC System

p-fluidic holes ZORBAX 80SB-C18
Sum 75 x 50 pum, 43 mm

Registration holes

40 nL Enrichment Column

Electrical Interf t
ZORBAX SB80 C18 ectrical Interface to

Internal Grounding Electrode

Laser Ablated Cylindrical ES-Tip
Channel 10 x 14 pm

Photo Courtesy of Tom Trainor, Agilent Technologies, Inc.




B
T L LR
1Y)

\laaoses.

'.I 1 1
L’

LC-MS/MS Conditions

Mass Spectrometer:
» Agilent XCT Ultra Plus Ion Trap

Column:

» Agilent HPLC Chip
Zorbax SB80 C18 phase, 5 um

4.3 cm x 75 pm w/40 nl enrichment col.

» Positive ESI voltage = 1.6kV
» Heated capillary = 325°C
» N, drying gas flow = 4.0 L/min

MS Parameters:

» MRM mode — scanning 310-510 Da
490 + 1 Da = 374 Da PhIP-dG adduct
493 + 1 Da = 377 Da d3-PhIP-dG (IS)

Ultra scan mode, Ion Charge Control On

400 msec/scan 3 scans averaged
He collision gas, 4.5mT pressure

Collision voltage=1.0 V

HPLC System:

» Loading pump (Agilent 1100 capillary pump)
4ul/min

MP A =3 mM Ammonium formate, pH 2.8*
MP B =45:45:10 ACN:CH,OH:3 mM
ammonium formate pH 2.8*

Washing gradient:

Hold @ 5%B for 4 min, 5%B-90%B in 10
min, hold 4 min

Nanopump (Agilent 1100/nanoflow)
600 nl/min

MP A =3 mM Ammonium formate, pH 2.8
MP B =45:45:10 ACN:CH,OH:3 mM
ammonium formate pH 2.8

Gradient:
Hold @ 30%B for 4 min, 30%B — 90%B in
14 min

Agilent p-wellplate Autosampler
96 wellplate /glass inserts

*Bianchi et al, J.Chrom B., 825 (2), 2005, 193-2000.




Typical Sample Preparation for LC-MS

Early 2000’s

digest nanol.C-MS with
~ 300 ng DNA CI8 SPE custom nanoESI interface

ESl tip
positioner

Injector

HPLC
flow splitter ~ NanoLC flow

(2000:1 split ratio) (200nl/min) Capillary

—
0.4ml/min

4 \\\ Sliding rail mount
waste — {, i
LY Sample Negative pressure sample

introduction
poosss. Late 2000°s

Ll digest Integrated trapping nanoL.C-MS with
\psssee: ~5 pg DNA >  column enrichment ——*

X7 ot
I' 60-fold reduct A

1 DNA use

Chip Cube interface

ination of

HPLC -Chip : /




Problems in Method Development...

or How to Make a Grown Man Cry




Problems in Method Development

Chapter 1 — Where did the PhIP-dG Go?

Xt 1 PhIP-dG in Glass Insert
: / 1 fmol/uL soln XIC plot
15
10 PhIP-dG in Polypropylene Insert

1 fmol/uL soln, XIC plot




Problems in Method Development
Chapter 1 — Where did the PhIP-dG Go?

N NH
</N | N)\N /CHS
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PhIP-dG LogP =2.35

ABP-dG LogP =3.03 BPDE-dG LogP =4.42




Problems 1n Method Development
Chapter 1 — Where did the PhIP-dG Go?

Microspecies distribution (%)

0+ T T T T T T T
1.5 1.7 1.8 21 2.3 2.3 2.7 29 3.1 3.3 3.3

www.chemaxon.com pH



Problems in Method Development
Chapter 2 — The Case Against SPE

Equilibrate cartridge w/ 3 x 1 mL 100% CH;OH
Equilibrate w/ 3x 1 mL 5% DMSO

Load sample dissolved in 5% DMSO

Rinse w/ 3 x 1 mL DI H,0

Rinse w/ 3 x 1 mL 10% CH;OH w/ 0.1% HOAC

Elute w/ 1 mL CH,OH




Problems in Method Development
Chapter 2 — The Case Against SPE

Vendor 1 - C18 (EC)
1 mL, 100 mg

6.1 x 10E8 scale

MS/MS 490/493 +/- 2 Da
Scanned from 300-510 Da

.1 Vendor 1a - C8 (EC)
.3 1mL, 100 mg

.1 Actual 4.6 x 10E8

| Vendor 2 - C18
1 mL, 50 mg

Actual 9.4 x 10E8

Vendor 3 - C18-E
1 mL, 50 mg

Actual 9.5 x 10E8




Problems in Method Development

Chapter 2 — The Case Against SPE

System suitability samples XIC analyte —red IS —blue

-4 results after 5 SPE samples run Fixed scale - 12,000
Actual — 7.9 x 10E3

A A /\« A?l\A/\/\m AN . \ A AM/\AM{’\/

.. | System suitability samples XIC analyte —red IS —blue
.| results after 10 SPE samples run

Fixed scale - 12,000
Actual — 5.6 x 10E3

A\ . A BWM\ A,[R/\/x/\\ pam e oo

"1 System suitability samples XIC analyte —red IS — blue
~jresults after 15 SPE samples run Fixed scale - 12.000

Actual — 5.4 x 10E3




Problems in Method Development
Chapter 3 — Complete DNA Digestion?

Early 2000’s ~ 300 ug DNA

» DNAseI(23 U) for 4 hr. Test 4 — 4 enzyme system
» Snake venom phosphodiesterase (1.1 U) 3. pNAse I (10 U) for 1 hr.

» Alkaline phosphatase (0.08 U)

» Spleen phosphodiesterase (0.01 U) and

» SVP and AP for 18 hrs. SVP (0.01 U) for 6 hrs.

i » Alkaline phosphatase (5 U) overnight
» Does one size fit all adducts?

dG-C8-ABP

Test 5 — 6 enzyme system
» DNAseI (10 U) for 1 hr.

» Micrococcal nuclease (5 U) and Nuclease
P1 (5 U) and spleen phosphodiesterase
(0.01 U) and snake venom
phosphodiesterase (0.01 U) for 6 hr.

Alkaline phosphatase (5 U) overnight

Digestion Test

Neale, J., et al., Polycyclic aromatic compounds, 28 (4,5), 2008, 402-417




Problems 1n Method Development
Chapter 3 — Complete DNA Digestion?

Late 2000’s ~ 5 ug DNA Current Digest Conditions™:

A » Nuclease P1 (10 U) for 2 hr. » Benzonase (1250 U) and SVP
» Snake venom phosphodiesterase (1.5U) and AP (100U) in buffer at
-' (0.010 U) for 2 hrs. pH=7.9

> Alkaline phosphatase (0.5 U) for 1 hr. > Incubate for 12 hrs. then add a
second volume of enzyme mix

and digest overnight

Problems:

Extensive sample prep

Several pH changes

Right enzyme mix?

Ratio Analyte/Internal Standard Signals

Enzyme Incubation time (Hrs.)

*Adapted from Quiulivan and Gregory, Anal. Biochem, 373 (2008) 383-385




Problems in Method Development

Chapter 4 — Protein ppt after DNA Digestion

| Standard cold EtOH precipitation
| Scale 482,000 counts

"] Full MS —300-510 Da

———T1C +AIIl M Sn ———EIC 374.2 +MS2(490.2), Smoothe 1.11.3.GA —

ens
xxxxx

Precipitation with MTBE
Scale 482,000 counts (38,100 actual)

RO W — i L FUTVAS W N TVERTRRITY | L YO ROV APT ST W SV W] kol b porb ) W) J
6 8 10 12 14 16 Time [min]

" Precipitation with ACN
Scale 482,000 counts (234,000 actual)




xxxxx

1 XIC of PhIP-dG and d3-PhIP-dG MTBE precipitation

x104 ]

Problems in Method Development

Chapter 4 — Protein ppt after DNA Digestion

Cold EtOH precipitation
Scale 17,500 counts

Scale 17,500 counts
(7,200 actual)

T T T T T T
9.5 10.0 10.5 11.0 11.5 Time [min]

ACN precipitation
(64,300 actual)




DNA Sample Preparation for LC-MS

Dose with N-OH-PhIP Isolate mRNA and DNA from cells
Culture human Incubate for 24 hrs. Ustng Olgon AlHH gLl

BEAS-2B cells > Determine quantity of DNA with

" | (lung epithelial cells) | OI;OIS(;igt (l)ef%lifi%r_?o 0 Invitrogen Qubit system
' ' 0.2 — 10 ug DNA isolated

Add 50 pL enzyme digest buffer* o g Lila usod ordnd e
20 mM Tris-HC1 pH=7.9
100 mM NaCl
20 mM MgCI2
1250 Benzonase

1.5 U Snake venom phosphodiesterase .. :
100 U Alkaline phosphatase Precipitate enzymes with

; ACN, transfer and
Incubate @ 37°C, 12 hrs. SpeedVac to dryness
Add 50 pLL enzyme digest buffer and
incubate overnight

5 ul injection LC-MS/MS mode < Reconstitute in 20 pul DI H,O
(1.25 pg total DNA used for analysis)

*Adapted from Quiulivan and Gregory, Anal. Biochem, 373 (2008) 383-385




DNA Adduct Quantitation

y=02571x—0.076 R2=0.994 0.5-50pg/uL LOD=0.13 pg/uL

50x10-8 10x10-8 50x10-9 50x0-0 Digest Blank
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PCA Results
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13 10 10 9.8 9.6 6.6

(0p]
Q
(7p)]
©
m
©
S
S
@)
Z
(00)
L
(@)
—
|-
]
o
(9]
+—J
(&)
=)
i®)
©
<
Y
(@)
S
(b)
@)
S
=)
Z

50xL7  10xD7  50xD8  10x08  50xD9  10xD9  50xDD DigestBlank

Concentration of Dosed N-OH-PhIP (M)




DNA Microarray Analysis Procedure

Control Cell Population Exposed Cell Population
(DMSO) N-OH-PhIP in (DMSO)
Cell exposures
were for 24 h,
beginning at a
dose 10x below Extract mRNA and DNA Extract mRNA and DNA
the dose that \ l

2 gave 50 % cell
Convert RNA to cRNA Convert RNA to cRNA

\ 4

Hybridize in duplicate to
Affymetrix U133 Human GeneChip array

(~38,000 probes sets)
ﬁn/

Data extraction Comparison of gene
normalization > expression profiles

and analysis at different doses




Bayesian Robust Inference for
Differential Gene Expression (BRIDGE)

» Detects differentially expressed genes under multiple experiments

Dose # of genes with  # of genes with # of genes with |# of genes with [# of genes with
(M) posterior posterior posterior posterior posterior
probabilities probabilities probabilities probabilities probabilities
B >0.8 >0.7 > 0.6 >0.5

TYTLLE 4144 5099 5948 6857
ReSS 968 1214 1473 1757

\\ssssse:

Ll

Lawr?*
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» Different dosing concentrations yield different gene expression profiles

Top Six Canonical Pathways @ 5.0 x 10-7M

Top Six Canonical Pathways @ 1.0 x 10°M
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Implications for Risk Assessment?

» Risk assessors set human exposure limits for toxicants and non-
genotoxic carcinogens using the NOAEL (no observable adverse
effect level, or threshold) or the lowest observed effect level (LOEL)

» NOTEL/ NODAL could be used in place of NOAEL/ LOEL
in point of departure (POD) modeling

» Incorporating NOTEL and/or NODAL values into the dose response
curves for genotoxic compounds and carcinogens may further inform
risk assessment by :

— Providing threshold values that are based on mechanistically linked
experimental data

— Facilitating the selection of the human dose that 1s associated with to
an acceptable increase in risk




Conclusions

Integration of LC-MS/MS and DNA microarrays provide a sensitive
means for detecting low-level DNA damage

Complete DNA digestion can significantly lower the limit of
detection for DNA adducts

Gene expression is dramatically impacted by small changes in
dosing concentration

NOTEL and NODAL are closely correlated in this system

The NODAL level may be an order of magnitude lower than the
NOTEL which may have implications for determining exposure
thresholds

Large-scale gene expression screening may provide insights into
the complicated biochemical mechanisms of carcinogen exposure
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