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Summary. Advances in molecular genetics have led to sequencing of

the human genome, and expression data is becoming available for many

diverse tissues throughout the body, allowing for exciting hypothesis test-

ing of critical concepts such as development, differentiation, homeostasis,

and ultimately, disease pathogenesis. At present, an optimal methodology

to assess gene expression is to evaluate single cells, either identified phys-

iologically in living preparations, or by immunocytochemical or histo-

chemical procedures in fixed cells in vitro or in vivo. Unfortunately, the

quantity of RNA harvested from a single cell is not sufficient for standard

RNA extraction methods. Therefore, exponential polymerase-chain reac-

tion (PCR) based analyses, and linear RNA amplification including am-

plified antisense (aRNA) RNA amplification and a newly developed termi-

nal continuation (TC) RNA amplification methodology have been used in

combination with microdissection procedures such as laser capture micro-

dissection (LCM) to enable the use of microarray platforms within indi-

vidual populations of cells obtained from a variety of human tissue sources

such as biopsy-derived samples {including Langerhans cell histiocytosis

(LCH)} as well as postmortem brain samples for high throughput expres-

sion profiling and related downstream genetic analyses.
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Introduction

Contemporary molecular-based techniques have enabled

the study of both genomic DNA and RNA populations from

fresh, fixed, and paraffin-embedded tissues (Lehmann et al.,

2000; Lewis et al., 2001; Van Deerlin et al., 2000; Van

Deerlin et al., 2002). For example, upon identification of

novel disease-related genes, retrospective mutation analysis

in genomic DNA samples from archived tissues is tenable.

Moreover, expression profiling of mRNA provides a real-

time evaluation of gene expression. One mitigating factor is

that the organs are complex structures with heterogeneous

cellular populations. Each distinct cell type is likely to

have a signature ‘‘molecular fingerprint’’ under normal and

pathological conditions. For example, there is little data on

comparative expression of cytokines in normal Langerhans

cells (LC) versus those in Langerhans cell histiocytosis

(LCH) and no data is available on the differences in cyto-

kine expression in patients with ‘low risk’ versus ‘high risk’

disease. Thus, the pattern of mRNA expression in single

cells or a population of cells may be more informative than

regional expression patterns. Specifically, the molecular un-

derpinnings that determine whether a given cellular popu-

lation is vulnerable to degeneration or aberrant prolifera-

tion, i.e., ‘‘selective vulnerability’’, may be elucidated by

single cell mRNA analyses (Galvin and Ginsberg, 2004;

Ginsberg et al., 2004).

Advent of high throughput gene expression profiling

methods, including cDNA (Brown and Botstein, 1999;

Eisen and Brown, 1999) and oligonucleotide (Lockhart

and Barlow, 2001; Lockhart et al., 1996) array technology,

enables relative quantitative assessment of multiple (e.g.,



Fig. 1. Microaspiration and cDNA array analysis of single neurons. A Microaspiration of a neurofilament-immunoreactive CA1 pyramidal neuron

obtained postmortem from the hippocampus of a normal control subject. The left hand panel illustrates the neuron before aspiration and the right hand

panel (asterisk) shows the tissue section following microaspiration. B Representative histograms and custom-designed cDNA array analysis.

Individual CA1 pyramidal neurons from normal control subjects (CA1) were compared to neurofibrillary tangle (NFT) bearing CA1 neurons from

Alzheimer’s disease (AD) brains. The left hand panel depicts down regulation of the three neurofilament subunits {low (NF-L), medium (NF-M), and

high (NF-H)} in AD NFTs (asterisk denotes p<0.01) with no significant regulation of the microtubule-associated proteins MAP2 and MAP1b. The

right hand panel illustrates down regulation of the dopamine receptor genes D1–D5 in AD NFTs versus normal CA1 neurons. C A portion of a

representative microarray is shown, illustrating a wide range of hybridization intensities using aRNA probes generated from NFT-bearing neurons

(first panel; pseudocolored red), normal CA1 neurons (second panel; pseudocolored green), and an overlay of NFT-bearing and normal CA1 neuron

hybridizations (third panel). In the latter panel, yellow indicates similar hybridization intensities for NFT-bearing neurons and normal CA1 neurons,

green indicates a down regulation in NFT-bearing neurons relative to normal CA1 neurons, and red denotes an up regulation of an EST within diseased

versus normal CA1 neurons
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dozens to thousands) genes simultaneously from one tissue

sample. Expression profiling is performed by accessing

cells=tissues of choice via microaspiration or related tech-

nologies including LCM, extracting RNAs from sample

tissues, amplifying RNA if necessary, labeling RNA=

amplified RNA probes, and hybridizing labeled RNA to

array platforms (Fig. 1). Quantification of hybridization

signal intensity is performed to assess the relative signal

intensity of each feature on the array platform. Gene ex-

pression is evaluated using univariate statistics, multivar-

iate statistics, and informatics software, enabling high

throughput coordinate analyses.

Gene expression profiling using fresh

and fixed tissues

Assessment of cellular populations in optimally prepared,

fresh frozen biopsy and fixed postmortem human tissues

is desirable due to the abundance of specific tissues (e.g.,

brain samples and tumor samples) that are archived within

individual laboratories and tissue banks. A variety of cells

and tissues can be used to extract mRNA for gene profil-

ing experiments. When employing mRNA as a starting

material, one cannot over-emphasize the importance of

the preservation of RNA integrity. RNA species are parti-

cularly sensitive to degradation by ribonuclease (RNAse).

RNAses are found in virtually every cell type, and retain

their activity over a broad pH range (Blumberg, 1987;

Farrell Jr, 1998). Thus, RNAse-free precautions are essen-

tial for all microdissection-based studies. All biological

samples require prompt handling, either through rapid

RNA extraction, flash freezing, or fixation to minimize

degradation. At present, no consensus protocol exists for

the fixation and=or extraction of tissues obtained from

biopsy or from postmortem human tissue. Several labora-

tories have evaluated the effects of different fixation pro-

tocols on RNA quality, ease of tissue microdissection,

and success of cDNA array analysis (Goldsworthy et al.,

1999; Grotzer et al., 2000; Klimecki et al., 1994; Su et al.,

2004). Many variables, including antemortem character-

istics, duration of fixation, and length of storage are rele-

vant parameters that should be taken into consideration

prior to the initiation of a study (Florell et al., 2001; To

et al., 1998; Van Deerlin et al., 2000; Van Deerlin et al.,

2002). A critical parameter lies in assessing RNA quality

and quantity prior to performing expression profiling

studies. A useful histochemical technique that lends itself

to RNA assessment in tissue sections adjacent to those

employed for expression profiling is acridine orange (AO)

histofluorescence (Sarnat et al., 1986; Topaloglu and

Sarnat, 1989). AO is a fluorescent dye that intercalates

selectively into nucleic acids, and has been used to detect

RNA and DNA in brain tissues and cancer-related para-

digms (Ginsberg et al., 1997; Ginsberg et al., 1998; Pinto

et al., 1990; Sarnat et al., 1986). Notably, individual RNA

species (e.g., rRNA, tRNA, and mRNA) cannot be delin-

eated by AO histofluorescence. Rather, this method pro-

vides a straightforward diagnostic test that can be per-

formed on adjacent tissue sections to ensure the likelihood

that an individual case has abundant RNA prior to per-

forming expensive microdissection and microarray studies.

A more definitive examination of RNA quality can be

obtained via bioanalysis (e.g., 2100 Bioanalyzer, Agilent

Technologies), which employs capillary gel electrophore-

tic methodologies to detect RNA quality and abundance

(Che and Ginsberg, 2004a; Ginsberg and Che, 2004;

Gottwald et al., 2001). Bioanalysis enables visualization of

results in an electropherogram and=or digital gel format,

and provides a means of RNA assessment at relatively

high sensitivity. Investigators can also evaluate DNA and

protein quality and abundance using bioanalysis platforms

(Freeman and Hemby, 2004; Vasilyeva et al., 2004).

Accession of single cells from tissue sections

Microdissection of individual cells is performed to enable

downstream gene expression profiling using cDNA micro-

arrays or by PCR-based technologies. Provided that pro-

cedures are performed on well-preserved tissue sections

and RNase-free conditions are employed, both immu-

nocytochemical and histochemical procedures can be uti-

lized to identify specific cell(s) of interest. Several differ-

ent methodologies have been used to aspirate individual

neurons or groups of cells including single cell microas-

piration and laser capture microdissection (LCM). Micro-

aspiration entails visualizing an individual cell (or cells)

using an inverted microscope connected to a micromani-

pulator and a vacuum source. Microaspiration results in

accurate dissection of cells of interest with minimal dis-

ruption of the surrounding tissue (Ginsberg et al., 1999;

Ginsberg et al., 2000) (Fig. 1). LCM is a strategy for

acquiring histochemically and=or immunocytochemically

labeled cells from in vivo and in vitro sources (Dolter and

Braman, 2001; Ehrig et al., 2001; Goldsworthy et al.,

1999). LCM has become a widely used and reproducible

technique that was developed originally at the NIH

(Bonner et al., 1997; Emmert-Buck et al., 1996). There

are two principal means of LCM, positive extraction and

negative extraction. Positive extraction (a method used by

the PixCell IIe from Arcturus) entails using a laser source
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directly on the cell(s) of interest to adhere them to a

matrix that will be lifted from the surrounding tissue.

Negative extraction (or non-contact laser extraction) pro-

cedures employ a laser source to cut around the area of

interest within a tissue section, and the microdissected

material is catapulted into a microfuge tube (a method

utilized by the P.A.L.M. system, P.A.L.M. Microlaser

Technologies). In this manner, single cells as well as

dozens to hundreds of cells can be acquired in a relatively

short time. Moreover, RNA, DNA, and protein extraction

methods can be performed on microdissected cells (Fend

et al., 1999; Suarez-Quian et al., 1999; Craven et al.,

2002; Mouledous et al., 2003; Simone et al., 2000).

RNA amplification

In order to generate a significant amount of RNA suffi-

cient to perform microarray analysis and related down-

stream genetic analyses, an RNA amplification technique

is often required. PCR-based amplification methods are

not optimal, as exponential amplification can skew the

original quantitative relationships between genes from an

initial population (Kacharmina et al., 1999). Linear RNA

amplification is another strategy that has been used suc-

cessfully to generate enough input RNA for robust hy-

bridization signal. One method of linear amplification

termed amplified antisense RNA (aRNA) amplification,

was developed by Eberwine and colleagues, and involves

a T7 RNA polymerase based amplification procedure that

enables quantitation of the relative abundance of gene

expression levels from identified single cells and popu-

lations (Eberwine et al., 2001; Eberwine et al., 1992;

Kacharmina et al., 1999). aRNA amplification entails the

hybridization of an oligonucleotide primer consisting of

thymidine triphosphates (TTPs) and a T7 RNA polymer-

ase promoter sequence {oligo d(T)T7)} to mRNAs and

conversion to an mRNA-cDNA hybrid by reverse tran-

scriptase (RT) (Tecott et al., 1988; VanGelder et al., 1990).

Upon conversion of the mRNA-cDNA hybrid to double

stranded cDNA, a functional T7 RNA polymerase promo-

ter is formed. aRNA synthesis occurs with the addition of

T7 RNA polymerase and nucleotide triphosphates (Fig. 2).

Each round of aRNA results in an approximate thousand

fold amplification from the original amount of each poly-

adenylated {poly(A)þg mRNA in the sample (Eberwine

et al., 2001; Eberwine et al., 1992). Two rounds of aRNA

are typically necessary to generate sufficient quantities

of aRNA for subsequent downstream analyses. Although

aRNA is a laborious and difficult procedure, we have gen-

erated successful results obtained from microaspirated

cells from biopsy-derived tumor specimens and postmor-

tem human brain tissues utilizing a wide variety of cDNA

array platforms (Ginsberg et al., 1999; Ginsberg et al.,

2000; Hemby et al., 2003).

Several different strategies have been employed by inde-

pendent laboratories to evaluate and improve linear RNA

amplification efficiency (Dafforn et al., 2004; Iscove et al.,

2002; Klur et al., 2004; Wang et al., 2000). We have devel-

oped a new linear RNA amplification procedure that utilizes

a method of terminal continuation (TC). TC RNA consists

of synthesizing first strand cDNA complementary to the

RNA template, subsequently generating second strand

1

Fig. 2. aRNA amplification scheme. An oligo-d(T)T7 primer is hybridized to polyAþ mRNAs and a double stranded mRNA-cDNA hybrid is formed

by reverse transcription. The double stranded mRNA-cDNA hybrid is then converted into double stranded cDNA. Following the removal of tertiary

structures and drop dialyzing the double stranded cDNA against RNase-free water, the first round of aRNA synthesis occurs using T7 RNA

polymerase and NTPs. A second round of aRNA amplification begins by annealing random hexamers to the newly formed aRNA, and synthesizing

a cDNA strand. The oligo(dT)-T7 primer is then reintroduced and a double stranded cDNA template is formed. aRNA probes are then generated with

fluorescent, biotin, or radiolabeled second round aRNA products

Fig. 3. Overview of the TC RNA amplification method. A A TC primer (containing a bacteriophage promoter sequence for sense orientation) and a

poly d(T) primer are added to the mRNA population to be amplified (green rippled line). First strand (blue line) synthesis occurs as an mRNA-cDNA

hybrid is formed after reverse transcription and terminal continuation of the oligonucleotide primers. Following RNase H digestion to remove the

original mRNA template strand, second strand (red line) synthesis is performed using Taq polymerase. The resultant double stranded product is

utilized as template for in vitro transcription, yielding high fidelity, linear RNA amplification of sense orientation (green rippled lines). B Schematic

similar to A, illustrating the TC RNA amplification procedure amplifying RNA in the antisense orientation (yellow rippled lines)

Fig. 4. Custom-designed cDNA array analysis of microdissected LC and tissue dissection of LCH from bone, spleen, and liver. A Representative

hybridization signal intensity from microdissected LC and LHC. Upper panel is from normal skin LC and the lower panel from a spleen highly

infiltrated with LHC in a patient with ‘high risk’ LCH. Duplicate samples of M-CSF, TGF-beta receptor, and IL-1� (arrows) show prominent expression

of these genes in both the normal LC and diseased LCH tissue. B Custom-designed cDNA array analysis from amplified RNA obtained using whole

tissue (spleen and liver) specimens. Intense hybridization signal intensity was observed for TNF�, RANK, RANKL, TNFRp55, TGF�R, NF�B, IL-13,

and IL-13R1. C Dendogram derived from densitometric analysis of custom-designed cDNA arrays. The dendogram summarizes data from A and B as

well as arrays for hybridization of aRNA from bone lesions of two different patients (data not shown). Columns 1 (liver) 2 (bone), and 5 (spleen) are data

from analysis of whole tissue RNA from those sources. Columns 3 and 4 (LH spleen and LH skin) represent data from microdissected LHC of LCH

spleen and LC of normal skin. The red color represents gene expressed at the highest level, white-intermediate, and blue-lowest relative expression
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cDNA complementary to the first strand cDNA, and finally

in vitro transcription using the double stranded cDNA as

template (Che and Ginsberg, 2004a; Che and Ginsberg,

2004b) (Fig. 3). By providing a known sequence at the 30

region of first strand cDNA and a primer complementary to

it, hairpin loops will not form. Second strand cDNA synthe-

sis can be performed with robust DNA polymerases, such as

Taq, and the TC reaction is highly efficient. One round of

amplification is sufficient for downstream genetic analyses

(Che and Ginsberg, 2004a; Che and Ginsberg, 2004b).

Furthermore, TC RNA transcription can be driven using a

promoter sequence attached to either the 30 or 50 oligonu-

cleotide primers. Therefore, transcript orientation can be in

an antisense orientation (similar to conventional aRNA

methods) when the bacteriophage promoter sequence is

placed on the poly d(T) primer or in a sense orientation

when the promoter sequence is attached to the TC primer,

depending upon the design of the experimental paradigm

(Fig. 3). Following TC RNA amplification, a large propor-

tion of genes can be assessed quantitatively as evidenced by

bioanalysis and cDNA microarray analysis in human post-

mortem brain tissues (Che and Ginsberg, 2004a; Ginsberg

and Che, 2002; Ginsberg and Che, 2004; Ginsberg and

Che, 2005). Importantly, increased sensitivity appears

greatest for genes with relatively low abundance. More-

over, background hybridization is significantly attenuated

when using TC RNA amplification (Ginsberg and Che,

2002; Ginsberg and Che, 2004; Mufson et al., 2002).

Microarray analysis

Once input sources of RNA are isolated and=or amplified,

fluorescent or radiolabeled probes can be generated for

subsequent hybridization to microarray platforms. Synthe-

sis of cDNA microarrays entails adhering cDNAs or

expressed sequence-tagged cDNAs (ESTs) to solid sup-

ports such as glass slides, plastic slides, or nylon mem-

branes (Brown and Botstein, 1999; Eisen and Brown,

1999). A parallel technology uses photolithography to

adhere oligonucleotides to array media (Lockhart and

Barlow, 2001; Lockhart et al., 1996). Arrays are imaged

using a laser scanner for fluorescently labeled probes and

a phosphor imager for radioactively labeled probes. Gene

expression data collected using single cells and=or ho-

mogeneous populations via RNA amplification and cDNA

array analysis does not allow absolute quantitation of

mRNA levels, but generates an expression profile of the

relative changes in mRNA levels (Eberwine et al., 2001;

Ginsberg et al., 2004; Hemby et al., 2002). Differential ex-

pression greater than approximately two-fold is accepted

conventionally as relevant for further examination (Galvin

and Ginsberg, 2004; Hemby et al., 2003; Kotlyar et al.,

2002). Computational analysis is critical for optimal use

of microarrays due to the enormous volume of data that is

generated from a single probe (Aittokallio et al., 2003).

Additionally, access to relational databases is desirable,

especially when evaluating hundreds of oligonucleotides

and ESTs that may=may not be linked to genes (and sub-

sequent proteins) of known function.

Practical application of microarray analysis:

comparison of LC and LCH

There is little data on comparative expression of cytokines

in normal Langerhans cells (LC) versus those in Langer-

hans cell histiocytosis (LCH) and no data on the differ-

ences in cytokine expression in patients with ‘low risk’

versus ‘high risk’ disease. As an example of the power of

microarray analysis within this paradigm, we compared

cytokine expression profiles of microdissected LC from

normal and LCH tissue to that of whole tissue cytokine

expression using a custom-designed array platform.

LCH, known previously as histiocytosis X, is a reactive,

proliferative disease characterized by the accumulation of

morphologically normal LCs along with lymphocytes, eo-

sinophils, and macrophages to form infiltrates typical for

the disease (McClain et al., 1994). The incidence of LCH

is approximately 5 cases per million children (Carstensen

and Ornvold, 1993). Only one-third as many adults may be

afflicted (Islinger et al., 2000). LCH includes a wide range

of clinical presentations from single system involvement

such as the skin or bone lesions (‘low risk’ patients) to

diffuse involvement of spleen, liver, lungs, bone marrow

(‘high risk’ patients), and even the central nervous system.

The course of the disease is unpredictable, varying from

rapid progression and death to repeated recurrences with

chronic sequelae, or to spontaneous regression and resolu-

tion (Minkov et al., 2002).

The etiology of LCH is unknown although most inves-

tigators consider LCH a form of immunologic dysfunc-

tion. There are no cytogenetic or immunophenotypic dif-

ferences in the cells to further characterize patients as

to possible outcome of therapy, although one study using

comparative genomic hybridization found gains and losses

in several chromosomes (Murakami et al., 2002). Several

cytokines have been identified with higher expression in

LC, lymphocytes, or macrophages in LCH lesions in-

cluding IL-1�, interferon-�, M-CSF, GM-CSF, TNF-�,

leukemia inhibitory factor, interleukins-2, -4, -5, and

CD40=CD40L (Arenzana-Seisdedos et al., 1986; Egeler
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et al., 1999; Yokota et al., 1996) (see Table 1 for gene

abbreviations). Differences in the relative expression of

cytokines from the various cell types in the LCH lesions

have been defined by immunocytochemistry, suggesting

that the interaction of various cellular components could

be very important in the pathophysiology of LCH. For

example, LC in LCH have been proposed to be immature

dendritic cells as judged by lack expression of Class II

antigens on the cell surface and absence of CD83 and

CD86 (Geissmann et al., 2001) and that IL-10 produced

by macrophages in the lesion were one cause of the

maturational arrest. The relative numbers of IL-10 produc-

ing macrophages in different types of LCH lesions cor-

related with clinical outcome in that the lowest numbers

were found in skin and bone lesions that often heal spon-

taneously. Another possible cause of maturational arrest is

the presence of transforming growth factor-beta (TGF-�)

that is abundant in LCH lesions (Geissmann et al., 1999).

It appears that in LCH normal LC physiology is dis-

rupted because of imbalances in the cytokine milieu. We

have begun to study the expression of several potential

LCH-related genes plus others relevant to the growth and

function of dendritic cells to establish a method for study-

ing biologic differences between normal LC and those in

LCH lesions as well as correlates to different clinical

responses between the subgroups of LCH patients.

Materials and methods

Sample acquisition

Patient specimens were obtained from the Texas Children’s Hospital

Pathology department. Tissue accession and accrual procedures were in

accordance with IRB standards at the Texas Children’s Hospital, Baylor

College of Medicine, Nathan Kline Institute, and NYU School of Medi-

cine. Samples were studied from three different patients and a foreskin

sample from a normal child who had a circumcision. All patients had been

diagnosed with LCH according to guidelines of the Histiocyte Society

(McClain et al., 1994). LC were identified using an antibody directed

against CD1a. Two male patients, ages 6 and 9 years, had only single

bone lesions that were biopsied. These children are off therapy for more

than one year and have no evidence of recurrent disease. The spleen

sample was obtained from a two year old girl with LCH involving spleen,

liver, skin, bone, and bone marrow. Her spleen was removed because of

respiratory compromise. She ultimately died and liver tissue was obtained

at autopsy. Samples were fixed in 4% paraformaldehyde=phosphate buf-

fered saline (PBS) overnight at 4�C and paraffin embedded.

Tissue preparation

Six micron-thick sections of skin or LCH tissue specimens were utilized in

concert with anti-CD1a (Immunotech, Marseille, France), anti-TNF�, or

anti-IL-13 (R&D Systems, Minneapolis, MN). Primary antibodies were

incubated on the sections for 20 minutes. Sections were processed with

secondary antibodies (DakoCytomation, Carpinteria, CA) and developed

with 0.3% hydrogen peroxide in PBS with 0.1% sodium azide and 0.05%

diaminobenzidine in PBS buffer for 10 minutes as described previously

(Ginsberg et al., 2000). LC was microaspirated using LCM instru-

mentation (PixCell IIe, Arcturus, Mountain View, CA). Three hundred

CD1aþ LC were captured per reaction. Regional isolation of LCH tissue

was performed using approximately 1 mm3 pieces of tissue. RNA was

isolated using RNA STAT-60 (Tel-Test, Friendswood, TX) followed by

phenol:chloroform and ethanol extraction.

RNA amplification

An oligonucleotide primer consisting of 24 TTPs is coupled to a T7 RNA

polymerase promoter sequence {oligo-dT(24)T7} was hybridized to the

cellular poly Aþ mRNA (Eberwine et al., 2001; Ginsberg et al., 1999;

Ginsberg et al., 2000). cDNA is synthesized with avian myeloblastosis

virus reverse transcriptase (AMVRT, 0.5 U=�l, Seikagaku America,

Falmouth, MA) in Tris-HCl buffer (pH 8.3) containing 6 mM MgCl2,

120 mM KCl, 7 mM dithiothreitol, 250 uM dNTPs, and 0.12 U=ul RNAsin.

The aRNA is amplified from the double stranded cDNA template with T7

RNA polymerase (Epicentre Technologies, Madison, WI). The first-round

aRNA synthesis yields approximately a 1000-fold amplification of the

original starting material (Eberwine et al., 2001; Ginsberg et al., 1999;

Ginsberg et al., 2000). After the second round of amplification the aRNA

represents >1 million-fold amplification (1000-fold from each round of

amplification) (Eberwine et al., 2001; Kacharmina et al., 1999). Initially

the substrate RNA from the 300 LC is in the range of several picograms by

spectrophotometric analysis. After the two amplification steps we estimate

Table 1. LCH-associated genes

TNF family TNF-� TNF-� TNF-R1 TNF-R2 TNFR-3 TRAF1

TRAF2 TRAF3 TRAF4 TRAF5 TRAF6

CD40 CD40L RANK RANKL NF�B STAT6

Cytokines GM-CSF GM-CSF-R INF-� INF-�-R1 INF-�-R2

Interleukins IL-1� IL-1�-R IL-2� IL-2�-R IL-4 IL-4R

IL-5-R IL-10 IL-10R IL-13 IL-13-R1 IL-13-R2

Other TGF� TGF�-R �-actin �-actin GDPH

TNF, tumor necrosis factor; TNF-R, tumor necrosis factor receptor, TRAF, tumor necrosis factor receptor associated factor;

TRAIL, TNF-related apoptosis inducing ligand; RANK, receptor-activator of NF-kappa B; RANKL, receptor-activator of NF-

kappa B ligand; NF�B, nuclear factor-kappa B; STAT, signal transducer and activator of transcription; GM-CSF, granulocyte-

macrophage colony stimulating factor; INF-�, interferon gamma; INF-�-R, interferon gamma receptor; IL, interleukin; IL-R,

interleukin receptor; TGF�, transforming growth factor beta; TGF�-R: transforming growth factor beta receptor; GDPH,

glyceraldehyde-3-phosphate dehydrogenase
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the aRNA would be approximately 0.4�g. Hybridization probes were

synthesized by in vitro transcription using 32P incorporation in 40 mM

Tris (pH 7.5), 7 mM MgCl2, 10 mM NaCl, 2 mM spermidine, 5 mM of

DTT, 0.5 mM of ATP, GTP, and UTP, 10�M of cold CTP, 20 U of RNase

inhibitor, 1000 U T7 RNA polymerase (Epicentre), and 40�Ci of 32P-UTP

(GE Amersham, Piscataway, NJ). The reaction was performed at 37�C for

4 hours.

Hybridization to custom-designed arrays

Custom-designed cDNA arrays were synthesized using 500 base pair

segments of genes listed in Table 1. All the plasmids were obtained from

the Baylor College of Medicine DNA microarray core facility. Five micro-

grams of each insert was arrayed in duplicate onto nylon membranes

(Hybond, GE Amersham). This represents a several thousand-fold excess

of target over probe for hybridized sequences (Che and Ginsberg, 2004b;

Ginsberg and Che, 2005). Prehybridization (12 hours) and hybridization

(48 hours) was performed in 50% formamide, 6X SSPE, 5X Denhardt’s

solution, 0.1% sodium dodecyl sulfate 200�g=ml denatured salmon sperm

DNA, and 1 mM sodium pyrophosphate at 42�C. The arrays were washed

in sequential solutions of 2X, 1X, and 0.5X SSC containing 0.1% sodium

dodecyl sulfate at 42�C (Ginsberg and Che, 2002; Ginsberg et al., 1999;

Ginsberg et al., 2000). Hybridization intensity of labeled products was

detected by phosphor imaging. Data presented in this report represents

analysis of duplicate custom-designed arrays for each tissue sample and

the arrays were used only once.

Statistical analysis

Hierarchical cluster analysis was performed on gene expression levels with

the CLUSFAVOR program (Peterson, 2002). Briefly, the specimens (col-

umns) were clustered using expression levels standardized with row (gene)

averages and standard deviations. The distance function used for agglom-

eration was one minus correlation (i.e., 1� rjk) where rjk is the correlation

in standardized expression between specimen j and specimen k. For each

pair of specimens (j, k) out of the total sample of p specimens, the

minimum jackknife correlation minfrðj; kÞð1Þ; rðj; kÞð2Þ; . . . ; rðj; kÞðnÞg
was used, where rði; jÞðiÞði ¼ 1; 2; . . . ; nÞ represents correlation when gene

i is dropped from the calculation, and n is the total number of genes (Heyer

et al., 1999). Clustering was then performed on the genes, with standardi-

zation based on column (specimen) averages and standard deviations. T-

tests for significant differences in mean expression of genes in the array

groups were performed by the Welch test. Significance was set at the

p<0.05 level.

Results

A surprising similarity of genes was expressed in normal

and diseased LC, with highest expression seen for GM-

CSF, TGF�-R, and IL-1� (Fig. 4). The majority of can-

didate cytokine genes showed no statistically different ex-

pression in the LC obtained from normal versus diseased

tissue. Several genes (CD40L, interferon-�, IL-1R, TGF�,

and TNF�) were more highly expressed in the normal LC.

These observations are further illustrated by cluster ana-

lysis and presented in a dendrogram (Fig. 4). Results

indicate that LC and LCH samples have very low expres-

sion of a majority of the genes except for TNFR (p75),

RANKL, IL-1�, TGF�-R and GM-CSF. There is minimal,

if any, difference between the two sources of isolated LC

for expression of these genes. In contrast, there is a more

generalized increased expression of the cytokine panel

from whole tissue RNA in bone, liver, or spleen tissue,

most likely reflecting expression from lymphocytes, mac-

rophages, and=or eosinophils.

Given the relative similarity of gene expression in LC

from normal or diseased tissue it was of interest to compare

the expression profiles from whole tissues (e.g., bone, liver,

and spleen) (Fig. 4). Table 2 summarizes the genes ex-

pressed at statistically different levels in ‘high risk’ tissues

(e.g., liver and spleen) versus ‘low risk’ LCH lesion (e.g.,

bone). Both the liver and spleen had higher relative levels

Table 2. Comparison of expression profiles obtained from bone, spleen,

and liver LCH lesions. Cytokine gene expressed at the higher relative

levels in bone are in italics, those expressed more prominently in spleen or

liver are in bold type

Gene Average T-test

Bone vs.

Average

Liver

T-test

Bone vs.

Bone Spleen spleen t liver t

�-Actin 17.57 10.96 2.75 14.02 1.06

�-Actin 25.83 6.41 1.72 8.66 1.42

CD40 19.31 11.12 2.29 28.01 �1.64

CD40L 19.53 14.54 4.00 22.16 �1.25

M-CSF 32.26 21.20 2.39 34.88 �0.47

M-CSFR 29.07 18.36 2.62 33.38 �0.84

GAPDH 47.14 5.39 4.64 9.30 3.85

GM-CSF 30.44 16.98 6.85 31.95 �0.49

IFN� 33.13 15.13 1.55 32.15 0.08

IFN�R2 22.86 12.61 2.21 18.10 0.86

IFN�R3 20.64 14.23 2.04 23.36 �0.75

IL-13 15.16 18.76 23.14 27.17 24.64

IL-13R 11.33 9.96 0.64 16.90 �1.85

IL-13R1 21.24 15.76 8.03 33.70 23.10

IL-1� 14.10 13.12 0.25 15.00 �0.18

IL-1R 21.92 8.27 3.51 8.21 2.90

IL-2 42.33 15.43 4.58 36.09 0.72

IL-2�R 16.86 18.18 �0.44 22.92 �1.50

IL-4R 24.88 19.55 2.07 23.60 0.34

IL-5R 14.85 12.07 9.42 15.36 �0.19

LPSTNF� 36.28 17.78 1.46 31.03 0.40

NFjB 12.65 16.68 219.83 31.75 29.63

RANK 26.73 24.96 0.52 41.42 �2.56

RANKL 37.69 62.81 212.22 78.73 213.31

STAT6 23.06 11.87 2.33 18.65 0.79

TALL2 21.78 10.06 2.10 10.68 1.81

TGF� 14.86 11.97 1.58 15.91 �0.52

TGFbR 17.91 25.79 24.03 40.21 25.09

TNF� 21.99 9.26 6.51 10.13 4.45

TNF� 23.10 10.34 2.66 13.66 1.83

TNFRP75 24.79 7.38 2.45 6.53 2.30

TNFRP55 15.20 407.64 236.48 73.88 25.15

TRAF1 20.11 8.71 14.64 13.70 3.30

TRAF2 25.58 11.74 1.72 15.00 1.26

TRAF3 25.73 9.72 8.10 16.22 2.65

TRAF4 33.14 10.90 3.13 16.28 2.10

TRAF6 21.16 7.98 21.19 14.21 4.71
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of several genes with largest differences found in TNFR

p55, RANKL, TGF�-R, NF�B, and IL-13. Liver tissue

also had higher levels of the IL-13 receptor-1. Bone

lesions and isolated LC had minimal expression of

NF�B, making this the most conspicuous up-regulated

gene in the ‘high risk’ patients (Table 2). In contrast the

relatively lower expression of TNFR p75 as well as

TALL2, IL-1-R, and GM-CSF were evident in the spleen

and liver tissue RNA. Bone lesions had statistically higher

levels of the TNFR p75, GM-CSF, IL-1-R, IL-2, IL-4,

IL-13R, several TRAFs, CD40=CD40L, interferon-�, in-

terferon-�-R, GM-CSF, GM-CSF-R, and STAT6 as com-

pared to the liver and spleen tissues (Table 2).

Discussion

LC and LCH expression profiling

Preliminary expression profiling using microdissected

samples from LC and LCH tissues demonstrated no sig-

nificant difference in the relative hybridization signal of

genes expressed at the highest levels (GM-CSF, TGF-�R,

and IL-1�) of microdissected LC. Cytokine expression in

whole tissue specimens showed significantly higher levels

of IL-13, NF�B, TNFR p55, RANK-L, CD40-L, and

TGF-�R in liver and spleen tissues from ‘high risk’

patients. Statistically significant differences in the gene

profile from lesions of patients with only bone involve-

ment versus organs of patients with multisystem involve-

ment were found including CD40=CD40L, GM-CSF,

GM-CSF-R, IL-13-R1, IL-2, IL5R, TNF�, TGF�, and

TRAF1, and TRAF6. We hypothesize that cells other than

LC, including lymphocytes, monocytes, and=or eosino-

phils are responsible for the pathophysiology of LCH.

To date, a direct comparison of expression profiles in

normal LC versus those in LC from LCH patients has

been lacking. In order to develop hypotheses on the patho-

physiology of LCH, we have sought to develop a more

comprehensive panel of relevant cytokine genes and use

this to explore gene expression in isolated LC as well as

tissue biopsies. These data sets are preliminary due to the

initial small number of patients and types of lesions exam-

ined. However, this preliminary analysis illustrates the

power of expression profiling in microdissected tissues

using RNA amplification methodologies coupled with

custom-designed cDNA array analysis. Specifically, there

is a remarkable similarity in the gene expression profile of

dissected LC from normal skin or diseased spleen. One of

the three highly expressed genes was GM-CSF, which is

an important cytokine for differentiation of CD1aþ den-

dritic cells from monocytes in vitro when incubated with

IL-4 (Palucka et al., 1998). These cells express the GM-

CSF-R, which under stimulation with IL-10, could induce

macrophage development (Rieser et al., 1998). Given the

plasticity of dendritic cells and macrophage cells, it is not

surprising that many LCH patients are affected by a he-

mophagocytic syndrome in their bone marrow that mark-

edly complicates their treatment (Favara et al., 2002). It

will be necessary to extend these studies using more pa-

tients to confirm the differences found and further define

genes with prognostic potential. These data illustrate the

pleiotropic effects of cytokines likely occurring as a result

of T cell activation and pro-inflammatory responses. Spe-

cific expression profiles of T cells in LCH are currently

under investigation. In addition, the relatively high level

expression of several members of the TNF� family of genes

as well as cytokines and their receptors in LCH suggest

these groups of genes should be more extensively investi-

gated as central to the pathophysiology of the disease.

Expression profiling using microdissected

cell samples

One of the most important aspects of single cell or single

population gene expression analysis is that different cell

types can be discriminated based upon their molecular

fingerprint. For example, populations of neurons that ex-

press proteins selectively such as cholinergic basal fore-

brain neurons (Ginsberg et al., 2004; Mufson et al., 2002)

or midbrain dopaminergic nigral neurons (Fasulo and

Hemby, 2003; Tang et al., 2003) as well as LC and LCH

(see above) are amenable to single cell RNA amplification

and subsequent microarray analysis. Moreover, cells that

lack a distinct or selective signature phenotype can be an-

alyzed using a variety of Nissl and immunohistochemical

stains (Ginsberg and Che, 2004) for downstream genetic

applications. Discrimination of adjacent cell types is quite

important because this enables the differentiation of the

desired cells from the surrounding elements. Thus, a goal

is to assess pathological changes in gene expression within

vulnerable populations while avoiding potential contam-

ination from spared cell types.

Conclusions

As our ability to refine expression profiling paradigms in-

creases, the development of pharmacotherapeutic agents that

are more selective, or potentially specific, for individual cell

types become tenable. The next level of understanding of

cellular and molecular mechanisms underlying normative
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function and pathological conditions lies in the ability to

combine these aforementioned technologies with appro-

priate models to recapitulate the structure and connectivity

of these systems in vivo and in vitro. Complex biological

processes are not likely to be governed solely by the action

of a single isolated gene. Rather, coordinate interactions of

a multiplicity of genes may regulate normative function.

When these gene programs or mosaics undergo increased

or decreased expression during the lifespan, they may con-

tribute to the mechanisms underlying disease pathogenesis.

Single cell and population cell profiling techniques coupled

with microarray platforms have the potential to quantify

simultaneous expression levels of numerous genes and

proteins in a given cell, thereby allowing for previously

unobserved gene interactions, and ultimately protein inter-

actions, to become more evident. Study of fresh and archi-

val human tissue and the development of transgenic ani-

mal models that recapitulate pertinent pathologic aspects

of human disease (e.g., neurodegenerative disorders and

hematological=oncological disorders) will help answer

questions regarding the mechanisms leading to disease

pathogenesis. Critical to the success of these paradigms

will be the development of relational databases and repo-

sitories for single-cell data, similar to platform sharing

access that is available currently for microarray users.
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