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Microarray technologies provide high-resolution
maps of chromosome imbalances and epigenomic ab-
errations in the cancer cell genome. Such assays are
often sensitive to sample DNA integrity, voiding the
utility of many archival pathology specimens and ne-
cessitating the special handling of prospective clinical
specimens. We have identified the remarkable pres-
ervation of higher-molecular weight DNA in archival
fine-needle aspiration cytopathology specimens
from patients greater than 10 years of age. We fur-
ther demonstrate the outstanding technical perfor-
mance of 57 fine-needle aspiration cytopathology
samples for aberration detection on high-resolu-
tion comparative genomic hybridization array,
DNA methylation, and single nucleotide polymor-
phism genotyping platforms. Forty-four of 46 ma-
lignant aspirates in this study manifested unequiv-
ocal genomic aberrations. Importantly, matched
Papanicolaou and Diff-Quik fine-needle aspiration
cytopathology samples showed critical differences
in DNA preservation and DNA integrity. Overall,
this study identifies a largely untapped reserve of
human pathology specimens for molecular profil-
ing studies, with ramifications for the prospective
collection of clinical biospecimens. (J Mol Diagn
2010, 12:739-745; DOI: 10.2353/jmoldx.2010.090238)

The two most common modalities for collecting patient
tissue samples for pathological analysis can be roughly
divided into surgical and cytologic. The former includes
core needle and surgical biopsy, and these are typically
processed as formalin-fixed, paraffin-embedded (FFPE)
samples. FFPE surgical pathology specimens currently
comprise the foundation for retrospective clinical genetic
profiling studies, and also are typically required for pro-
spective patient enrollment in clinical trials. Alternatively,
fine-needle aspiration cytology (FNAC) procedures may
be used for rapid, cost-effective and accurate diagnosis
with reduced patient morbidity." Common anatomical
sources for diagnostic FNAC specimens include breast,
thyroid, lymph nodes, thoracic and visceral organs, and
deep soft tissues. FNAC samples may be the only archival
materials for certain diagnoses such as small cell lung
cancer (SCLC). Body fluids and epithelial scrapes are an-
other source of cytology preparation, including pleural effu-
sion, ascitic fluid, cerebral-spinal fluid, cervical Pap-
smears, and bronchial and esophageal brushings. Overall,
cytologic preparations represent an estimated 10 to 20% of
archival hospital pathology specimens, and may be signif-
icantly enriched for particular pathological diagnoses.

We recently reported the excellent performance of archi-
val FFPE samples for large-scale molecular profiling using
the GoldenGate methylation assay, a modest-density bisul-
fite genotyping platform.? However, the more-informative,
higher-resolution genotyping arrays for tissue molecular
profiling require DNA of higher molecular weight than is
often retrieved from archival FFPE samples, because of re-
quirements for unbiased whole genome amplification, which is
compromised in FFPE samples over time. Thus, array-
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based genome profiling studies may be data-limited when
analyzing archived FFPE samples more than a few years old.

Despite their presence in hospital archives alongside
FFPE samples, needle aspirate and fluid samples have
been largely unutilized for molecular profiling. Nagel et al®
reported the potential value of CGH to support a primary
cytologic diagnosis of malignancy in the clinical setting, yet
little information is available regarding practical details and
prospects for genomic scale molecular profiling of routinely
processed archival and prospective cytology specimens.
Mattu et al* reported successful PCR on archival cytology
samples up to 5 years old, yet did not assess the DNA
yields and integrities from various kinds of cytologic prep-
arations, nor did they explore the feasibility of microarray
analysis at a genomic scale. In the current work, we have
characterized the suitability of 57 FNAC specimens ar-
chived >10 years for high-resolution genotyping, methyl-
ation, and/or CGH arrays. Herein we present our method for
DNA extraction and observations about the surprising and

impressive utility of FNAC samples for molecular profiling;
we further discuss the implications of our work for retro-
spective pathogenomic studies and prospective biospeci-
men collection.

Materials and Methods
Pathology Specimens

For this study, cases were selected to include FNAC
specimens over 10 years of age (range, 11-16 years; n =
57 specimens from 36 distinct patient cases, Table 1),
initially collected because of clinical suspicion of SCLC,
cancer metastatic to lymph node, and/or primary lym-
phoma. Aspirates had been performed during a several-
year period (1994 to 1997) by numerous physicians
including surgeons and interventional radiologists. As-
pirate smears and Pap and DQ stains had been prepared

Table 1. Patient and Pathology Specimen Characteristics
Sample DNA yield Cell yield

Case_ID Sample_ID age (yrs*) Pt. Pt (nQ) (x10°) aCGH DLR

(n=36) (n=57) (avg=13) age sex Anatomic site Type Stain FNAC diagnosis (avg=7.4) (avg=12) label score
LNFNA_11 LNFNA_11_DQ1 16 75 F Abdomen FNA DQ Cannot rule out lymphoma* 5.0 8 ULS 0.04
LNFNA_11 LNFNA_11_P7 16 75 F Abdomen FNA P Cannot rule out Iyr*mphor‘mai 3.9 6 ULS 0.08
LNFNA_12 LNFNA_12_DQ1 15 58 M Low back soft tissue FNA DQ Atypical, suspicious for lymphoma 0.4 1 — —
LNFNA_12 LNFNA_12_DQ2 13 58 M Low back soft tissue FNA DQ Atypical, suspicious for lymphoma 5.9 10 ULs 0.03
LNFNA_12 LNFNA_12_P3 15 58 M Low back soft tissue FNA DQ Atypical, suspicious for lymphoma 15 2 — —
LNFNA_16 LNFNA_16_1_DQ3 13 73 F Thyroid FNA DQ Thyroiditis 3.1 5 ULS 0.05
LNFNA_17 LNFNA_17_DQ2 15 73 M Lung FNA DQ Most likely reactive lymphocytes 1.2 2 ULS 0.05
LNFNA_17 LNFNA_17_DQ4 13 73 M Lung FNA DQ Most likely reactive lymphocytes 4.7 8 ULS 0.04
LNFNA_17 LNFNA_17_P4 15 73 M Lung FNA P Most likely reactive lymphocytes 131 21 ULS 0.06
LNFNA_19 LNFNA_19_DQ1 15 76 F Thorax FLUID' DQ Benign 0.1 0.2 — —
LNFNA_19 LNFNA_19_P1 15 76 F Thorax FLUID' P Benign 0.1 0.2 — —
LNFNA_2 LNFNA_2_DQ 13 72 M Low back soft tissue FNA DQ Large cell ymphoma 8.8 14 — —
LNFNA_21 LNFNA_21_DQ2 13 73 M Retroperitoneum FNA DQ Most consistent with lymphoma®* 53 9 ULS 0.05
LNFNA_21 LNFNA_21_DQ3 15 73 M Retroperitoneum FNA DQ Most consistent with \ymphomai 4.9 8 ULS 0.04
LNFNA_21 LNFNA_21_P4 15 73 M Retroperitoneum FNA P Most consistent with \ymphomai 7.6 12 ULS 0.20
LNFNA_29 LNFNA_29 2 DQ3 12 49 M Spleen FNA DQ Diffuse large B-cell lymphoma 3.6 6 ULS 0.04
LNFNA_3 LNFNA_3_1_DQ2 13 59 M Thyroid FNA DQ Diffuse large B-cell lymphoma 1.7 3 ULS 0.04
LNFNA_32 LNFNA_32_DQ1 13 66 F Thorax FLUIDT DQ B-cell lymphoma NOS 2.6 4 — —
LNFNA_32 LNFNA_32_P2 13 66 F Thorax FLUID' P B-cell lymphoma NOS 0.2 0.3 — —
LNFNA_33 LNFNA_33_DQ2 11 64 M Abdomen FNA DQ Follicular lymphoma, low grade 23.3 38 ULS 0.04
LNFNA_33 LNFNA_33_DQ2_rep " 64 M Abdomen FNA DQ Follicular lymphoma, low grade 23.3 38 uLs o0.27
LNFNA_36 LNFNA_36_DQ1 M 66 M Pleural Fluid FLUID' DQ Malignant lymphoproliferation 8.9 14 — —
LNFNA_37 LNFNA_37_2 DQ2 11 81 M Cervical lymph nodes FNA DQ Many atypical small Iymphocytesi 4.8 8 — —
LNFNA_5  LNFNA_5_DQ 14 78 M Retroperitoneum FNA DQ Follicular lymphoma, low grade 6.3 10 ULS 0.04
LNFNA_5  LNFNA_5_DQ_rep 14 78 M Retroperitoneum FNA DQ Follicular lymphoma, low grade 6.3 10 ULS 0.43
LNFNA_5  LNFNA_5_P 14 78 M Retroperitoneum FNA P Follicular lymphoma, low grade 6.3 10 uLs 0.13
LNFNA_52 LNFNA_52_DQ2 12 24 M Neck mass FNA DQ High-grade B-cell lymphoma 20.2 33 ULS 0.04
LNFNA_52 LNFNA_52_P3 12 24 M Neck mass FNA P High-grade B-cell lymphoma 15.0 24 uLs 0.07
LNFNA_59 LNFNA_59_DQ1 12 86 M Axillary mass FNA DQ High-grade B-cell lymphoma 27 4 ULS 0.06
LNFNA_59 LNFNA_59_P1 12 86 M Axillary mass FNA P High-grade B-cell lymphoma 2.8 5 ULS 0.17
LNFNA_65 LNFNA_65_DQ1 16 84 M Submandibular LN FNA DQ Metastatic neoplasm unknown primary 71 12 uLs o0.22
LNFNA_65 LNFNA_65_P3 16 84 M Submandibular LN FNA P Metastatic neoplasm unknown primary 3.5 6 ULS 0.36
LNFNA_71 LNFNA_71_DQ1 15 50 F Thyroid FNA DQ Hashimoto’s thyroiditis 9.4 15 — —
LNFNA_71 LNFNA_71_P6 15 50 F Thyroid FNA P Hashimoto’s thyroiditis 11 2 — —
LNFNA_72 LNFNA_72_DQ1 15 74 F Inguinal LN FNA DQ Large B-cell lymphoma 8.2 13 ULS 0.05
LNFNA_72 LNFNA_72_P3 15 74 F Inguinal LN FNA P Large B-cell lymphoma 4.2 7 ULS 0.08
LNFNA_9_2 LNFNA_9_2_DQ2 16 67 F  Thyroid FNA DQ Anaplastic malignant tumor 1.5 2 ULS 0.05
LNFNA_9_2 LNFNA_9_2 P2 16 67 F Thyroid FNA P Anaplastic malignant tumor 2.0 3 uULsS 0.15
SCLC_10 SCLC_10_DQ 12 84 F Lung FNA DQ Small cell carcinoma 21.7 35 ENZ 0.13
SCLC_10 SCLC_10_P3 12 84 F Lung FNA P Small cell carcinoma 9.2 15 ULS 0.40
SCLC_11 SCLC_11_DQ1 1 81 M Lung FNA DQ Small cell carcinoma 5.7 9 ENZ 0.16
SCLC_18_2 SCLC_182 P T 14 66 M Bronchus BRUSH P Small cell carcinoma 75 12 ULsS 0.12
SCLC_25_2 SCLC_25_2_DQ1 11 63 M Liver FNA DQ Small cell carcinoma 4.3 7 ENZ 0.24
SCLC_28_1 SCLC_28_1_DQ3 11 68 F Liver FNA DQ Small cell carcinoma 16 26 ULS 0.06
SCLC_3 2 SCLC_3_2 DQ_ENZ 14 65 M Mediastinum FNA DQ Small cell carcinoma 8.1 13 ENZ 0.24
SCLC_3_2 SCLC_3_2 DQ_ULS 14 65 M Mediastinum FNA DQ Small cell carcinoma 8.1 13 ULS 0.07
SCLC_49 SCLC_49_DQ 11 58 M Lung FNA DQ Atypical versus reactive 6.6 11 ULS 0.06
SCLC_50 SCLC_50_DQ2 " 78 F Lung FNA DQ Small cell carcinoma 27.9 45 ULS 0.18
SCLC_51  SCLC_51_DQ1 11 71 M Mediastinum FNA DQ Small cell carcinoma 3.7 6 ENzZ 0.20
SCLC_52  SCLC_52_DQ2 12 82 F Mediastinum FNA DQ Small cell carcinoma 1.7 3 ENzZ 0.21
SCLC_53 SCLC_53_DQ1 12 60 M Mediastinum FNA DQ Lymphoepithelial-like carcinoma 1.4 2 ENZ 0.30
SCLC_55  SCLC_55_DQt 12 68 F Mediastinum FNA DQ Small cell carcinoma 2.7 4 ENz 0.27
SCLC_6 SCLC_6_DQ_1 13 81 F Lung FNA DQ Small cell carcinoma 17.2 28 ENZ 0.1
SCLC_6 SCLC_6_P4 13 81 F Lung FNA P Small cell carcinoma 7.3 12 ULS 0.09

Notes: *at time of extraction; Tfilter prep; ¥subsequent surgical excision diagnosed as lymphoma; — arrayCGH not performed.

LN, lymph node.



by technicians in a single laboratory according to stan-
dard procedure, and coverslipped with glass. Following
cytologic interpretation, samples had been stored at
room temperature under typical pathology archive con-
ditions. On selection for inclusion in this study, patient
samples were de-identified, and the cytology slides
scanned on an Aperio digital slide scanner (Aperio Tech-
nologies, Inc., Vista, CA) to preserve the cytomorphol-
ogy. Pathology review of slides was performed to confirm
the presence of diagnostic cells on smears.

DNA Extraction

Slides were de-coverslipped in xylene; in our experience,
it can take up to 48 hours for the coverslips to loosen in
xylene at room temperature. Xylene-substitute was less
efficient at decoverslipping. De-coverslipped slides are
soaked an additional 5 minutes in xylene to remove any
residual coverslip mounting medium, and then air-dried.
Fortunately, we have found that the cellular contents ad-
here well to the glass slide and not the coverslip during
this process. Cellular material is collected by scraping
the entire slide with a razor blade; this is facilitated by
wetting the slide with a small amount (~20 wl) of lysis
buffer, which helps the material form a clump during
scraping. A loose pipette tip is used to push the moist
clump from the blade into a 2 ml screwcap tube. Lysis is
performed in 100 ul of a 4:1 mixture of ATL and protein-
ase K (Qiagen, Valencia, CA) at 60°C for 2 to 16 hours.
Lysis is usually complete in <2hours, but may be ex-
tended overnight for convenience. Lysates were RNase
treated and the DNA was subsequently column purified
according to the Qiagen DNeasy protocol, with an elution
volume of 100 ul. DNA was evaluated for quantity and
purity using a Nanodrop ND-1000 UV-Vis Spectropho-
tometer (Nanodrop Technologies, Wilmington, DE). Two
hundred ng DNA was run on a 2% agarose gel alongside
100bp ladder (Invitrogen) and commercial HMW human
DNA (Promega) to assess DNA molecular weight range.

Microarray Studies

Archival FNAC DNA extracts were assayed with Agilent
105K or 180K CGH (Agilent, Santa Clara, CA), lllumina
Infinium 370K or 610K genotyping (lllumina, San Diego,
CA), and/or lllumina Infinium methylation 27K (lllumina) ar-
rays according to the manufacturer’s directions. Array im-
age data were analyzed using Nexus (BioDiscovery, Inc., El
Segundo, CA), and/or lllumina Bead Studio. The measure of
success of profiling for each sample was based on array
data sample quality indices (derivative log ratio scores),
and genomic structural aberration detection in aspirate
smears with a diagnosis of malignancy.

Results

The average DNA yield per case in this study was 7.4 ug
(range: 0.1 to 27.9 ng); DQ and Pap-smears from the
same FNAC procedure vyielded roughly equivalent
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amounts of DNA (Table 1). Because array CGH assays
require 200 to 1000 ng input DNA, while the SNP geno-
typing arrays require 250 ng, there is ample DNA vyield
from each sample for numerous profiling assays. Having
determined DNA vyield for the cases, we reverse calcu-
lated cellularity based on a conversion factor of 6pg
DNA/cell; this indicated an average recovery of >1 mil-
lion cells per FNAC case (Table 1).

In contrast with the similar cellularity and total DNA
yields from archival DQ versus Pap-stained FNAC sam-
ples, a remarkably different molecular weight distribution
is observed (Figure 1A). Strikingly, the DQ samples man-
ifest significantly higher molecular weight DNA than the
Pap-stained cells from the same needle aspirate. Indeed,
the pap-stained cellular DNA is nearly completely de-
graded to <400bp fragments, while the typical DQ DNA
migrates as a smear with over half in the mid-to-high
molecular weight range (Figure 1, B and C). This obser-
vation was validated in 10 matched pairs of DQ and Pap

DLR score

DQ-Enz DQ-ULS Pap-ULS
n=11 n=19 n=13

D LNFNA_9 LNFNA_11 LNFNA_21 LNFNA_52 LNFNA_S9 LNFNA_65 LNFNA_72

100bp HMW DQ_Pap _DQ_Pap DQ Pap DO _Pap _DQ Pap DO Pap DO _Pap HMW 100bp
==

Figure 1. Diff-Quik (DQ) vs. Papanicolaou (Pap) fine-needle aspiration
cytopathology (FNAC) preparations. A: Small-cell lung carcinoma smears
made from the same thoracic needle aspirate and then processed as either
DQ (top paneD) or Pap smears (bottom panel). Both stains show cellular
clusters of small cells with high nuclear/cytoplasmic ratio and characteristic
chromatin stretched accross the slides. B: Striking difference in DNA integrity
of iso-aspirate smears prepared as either DQ or Pap. Lane 1: 100-bp DNA
ladder (Invitrogen). Lane 2: high molecular weight (HMW) commercial ref-
erence DNA. Lanes 3 and 4: DNAs recovered from a lymph node aspirate
diagnosed as lymphoma. Lanes 5 and 6: DNAs from a lung aspirate diag-
nosed as SCLC. C: Boxplot of Agilent array CGH derivative log ratio spreads
for DQ versus Pap smear samples; ULS, universal label system (Agilent); Enz:
enzymatic DNA labeling. D: Validation set of seven matched pairs of DQ and
Pap smears, showing higher-molecular weight DNA in all instances of DQ
relative to Pap.
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Figure 2. Representative high-resolution microarray plots from archival FNAC-DQ samples. A: Agilent 105K array CGH on sample LNFNA-33DQ2, a case of
low-grade follicular lymphoma (FL). The Nexus summary view reveals focal deletions on 1p and 6q (red arrows), recently reported poor prognostic markers in
FL.!' B: Agilent 105K CGH on SCLC-8-DQ1, a case of SCLC showing BCL-2 amplification (green arrow), reported to predict tumor responsiveness to BCL-2
antagonists.'? C: lllumina Infinjum 27K methylation assay on eight different FNAC DNA extracts from cases of SCLC and various lymphomas (see Table 1 for
sample IDs). Shown is unsupervised cluster after selection for the most highly variable, sex-neutral [(CHR not X) and (methylation B STDEV >0.3); 7 = 759 of

27,578 total targets] CpG targets among the eight FNAC DNA extracts.
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Figure 3. Comparative high-resolution microarray plots from eight matched pairs of archival FNAC DQ and Pap smears. First and second columns from left:
representative screenshots of digitally-preserved cytomorphology of DQ and Pap smears. Third and fourth columns from left: top half of row illustrates whole
genome view of genome segment copy number derived from array CGH data; bottom half of row shows whole genome view of SNP genotyping array results
(B-allele frequency), which highlights regions of allelic imbalance/loss of heterozygosity. Asterisk indicates sample lost to genotype analysis.

smears, among which every pair manifested superior DQ
DNA integrity (Figure 1D).

Based on criteria for success, including DNA quantity
and quality measures, array performance parameters (ie,
derivative log ratio scores, Table 1), and aberration iden-
tification, we found that all archival FNAC-DQ extracts
were successful for all profiling assays tested (Figures
1-3). Unequivocal genomic structural aberrations were

identified in 44 of 46 malignant smears; in one case,
LNFNA-5, normal reference DNA from the patient would
be needed to confirm that the observed genome struc-
ture was mutant and not a copy number variation. Sur-
prisingly, even the degraded archival Pap smear DNAs
showed similar structural aberrations as matched DQ
samples on Agilent array CGH and Infinium genotyping,
although with greater background noise (Figure 3). Uni-
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versal label system labeling of DNA was superior to en-
zymatic labeling for array CGH analysis (Table 1, deriv-
ative log ratio scores; Figure 1C, boxplot).

Discussion

The observed Pap-specific DNA degradation and DQ
DNA preservation is neither widely appreciated nor re-
ported in molecular pathology texts.®” Mechanistically,
the Pap stain process differs from DQ in at least two
major ways: one, the Pap smear is fixed in alcohol while
the DQ is air dried; two, the Pap cytodyes include hema-
toxylin, while DQ does not. Whereas alcohol fixation in the
Pap process might be expected to better preserve nu-
cleic acid in Pap smears, there is some evidence in the
literature for a potentially compromising effect of hema-
toxylin on DNA amplification®~'°; however, no studies we
could identify report the remarkable contrast in DNA mo-
lecular weight in archival samples stained with Pap
and/or hematoxylin versus other stains, nor could we find
published studies evaluating DNA molecular weight dis-
tributions in various types of archival specimens. We
hypothesize that hematoxylin may be at least partly re-
sponsible for extensive DNA damage in archival Pap
smears; if correct, the generalized DNA damaging effect
of hematoxylin is largely undescribed at present. Addi-
tional studies are warranted to investigate the critical
variation among tissue stains in preserving molecular
information in these samples.

As a test of the suitability of the archival FNAC DNA
extracts for high-resolution genomic profiling, samples
were assayed with Agilent CGH (Figures 2 and 3), Illu-
mina Infinium SNP genotyping (Figure 3), and lllumina
Infinium methylation arrays (Figure 2C). This is a stringent
battery of tests for any DNA extract, as typically only
high-purity, fresh or cryopreserved tissue DNA extracts
would be suitable for all three of these assays. Based on
criteria for success (see Materials and Methods) we found
that nearly all archival FNAC extracts were successful for
all profiling assays tested (Figures 1-3). Genomic struc-
tural aberrations were identified in >95% of malignant
smears; the lone exception (LNFNA-5) was a case of
low-grade follicular lymphoma in which a deviation from
the reference DNA was detected, but normal reference
DNA from the patient would be needed to evaluate the
somatic mutational status of the variation. Surprisingly,
even the degraded archival Pap smear DNAs showed
similar structural aberrations as matched DQ samples on
Agilent array CGH and Infinium SNP arrays, although with
greater background noise. One low-grade follicular lym-
phoma aspirate clearly manifested (Figure 2A) recently-
described poor-prognostic genomic copy number fea-
tures," while some samples of SCLC showed (Figure 2B)
189 amplification encompassing BCL-2, an aberration cor-
related with responsiveness to certain antitumor drugs.'?

Positive identification of gross genomic structural de-
fects in whole slide scrapes of FNAC samples is remark-
able, given the potential a priori for low tumor cellular
fraction in aspirates. Although cellular heterogeneity in
tumor tissues may be expected to confound aberration

detection during molecular profiling, our results indicate
a sufficient enrichment of tumor cells can be achieved
through the FNA technique to permit DNA structural ab-
erration detection without further sample microdissection
or fractionation. Samples included in this study were not
preselected based on morphological criteria for tumor
purity, nor were they microdissected. The sufficient purity
of malignant FNA smears for molecular profiling may not
be so surprising considering the very focal and targeted
lesion sampling of each pass with the needle. The relative
tumor purity in FNAC versus tissue extracts, the potential
enhancement for biomarker detection, and the utility of a
broader spectrum of FNAC samples can now receive
greater attention in future studies.

In summary, cytopathology specimens are an excel-
lent potential source of patient materials for clinical mo-
lecular profiling, including retrospective genomic analy-
ses and prospective sample collection for individualized
therapy or eligibility review for clinical trial enrollment.
FNAC samples up to 16 years old yielded copious
quantities of genomic DNA suitable for high-resolution
genomic and epigenomic profiling. Diff-Quik versus
Papanicolaou cytologic staining processes show remark-
able differences in DNA preservation possibly implicating
hematoxylin as a DNA damaging agent. Over 95% of
malignant aspirates in this study manifested clearly dis-
cernable genomic aberrations, suggesting that diagnos-
tic FNA samples are often inherently of sufficient purity for
genomic scale molecular profiling.
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