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Microarrays: Arrays of Hope

Overview

In all living organisms, DNA carries the code for life. Your DNA and the DNA of every
organism is made up of four basic subunits that are arranged in different orders to provide the
secret code of life. This is very similar to the way our alphabet works. Read the following two
sentences and visualize in your mind what each of these looks like.

THE BIG CAT ATE THE FAT RAT.
THE BIG BAT ATE THE FAT RAT.

Only one letter in our code was changed, but the meaning of the sentence has changed. The
same is true of our DNA. In DNA our alphabet consists only of T, A, C, and G, which represent
the four basic subunits of DNA called bases. The bases follow very specific pairing rules to form
a molecule of DNA that has 2 strands and resembles a ladder.

A and T always pair
C and G always pair

|||||||||| IMTITrIrIrrrrpnrrininInTonnsnT]
cogtcacacatacgtoogt aggag cganccccacccggga

ggqecagtgtgt atgoaggeatoctocagoetacqggggtgggocct
L el

For the DNA to be read, the 2 strands must separate.
IMTITrImrTT IIIIIIIIIIIII ITITITTT ] il

cogtcacacatacgtecgt aggagtogatgocco ggga

agacagtgtgt atgoeaggeatoctoagotacggggtgggocct
NN NIAN NN RNENNIAEEEN

The following 2 “sentences” of DNA were taken from 2 different people. Take a look at the
DNA codes for both persons A and B. What do you notice?

Person A
ggc agt gtg tat gca ggc atc ctc agc tac ggg gtg ggc cct

Person B
ggc agt gtg tat gca ggc atc ctc agc tac agg gtg ggc cct

Just as changing the “c* in cat to a “b” gives you a very different image, changing a “g” in
person A to an “a” in person B has a different end result. In DNA the sequence of letters are
codes for a protein that an organism’s cells will make. Different DNA sequences code for
different proteins. Organisms use proteins for numerous important processes. Your hair is
protein. The enzyme in your spit is a protein. The hormone that helps you grow is a protein. The
DNA sequence above is part of the code for a human growth protein.

Microarrays Student 1



Through a series of complex processes, a segment of DNA called a gene may be read and the
message in the gene may be used to build a protein from building blocks. Just as DNA is made of
4 different subunits (ATCG), proteins are made of 20 different subunits called amino acids.
Scientists use a different letter from the alphabet to represent each of the amino acids.

Take a look at the DNA codes and the protein codes for both persons A and B. What do you
notice?

Person A’s DNA
ggc agt gtg tat gca ggc atc ctc agc tac ggg gtg ggc cct
amino acid codes
A GSVYAGILYGVYVG
and
Person B’s DNA
ggc agt gtg tat gca ggc atc ctc agc tac agg gtg ggc cct
amino acid codes
A GSVYAGILYRVYVG

Changing one amino acid doesn’t seem like a big deal. But if you are a cat, you aren’t a bat and
you can’t fly. If R was put in instead of G, the results in person B are dramatic. This person will
suffer from a form of dwarfism. An average-size trunk, short arms and legs, and a slightly
enlarged head and prominent forehead characterize dwarfism. Adult dwarfs, on average, are only
four feet tall. A mutation is a permanent change in the genetic material, usually in a single gene
that may be transmitted from one generation to the next.

Learning which genes may be involved in genetic diseases like dwarfism has many possible
benefits for people. Understanding how DNA functions is very important. DNA is so important
that it stays in the nucleus of the cell. To make a protein it must send out a messenger in the form
of RNA. RNA is similar to DNA except that it only has one strand and it has U’s instead of T’s.

DNA makes RNA by a process called transcription. Once again the DNA separates. This time
the bottom strand will be used to make RNA. The base pairing rules are as follows:

A in DNA codes for U in mRNA
T in DNA codes for A in mMRNA
C in DNA codes for G in mRNA
G in DNA codes for C in mRNA

Inserting the RNA row we obtain:

ImrIni ||| AL |||||| ITITITITTITITINT]
cocgtcacacatacgtococgt ag cga gc ccacceggda oy a

ITTTTITTI T T I T I T I T IT IT I T I T ITITITIITTITT T
cegucacacauacguccguaggagucgaugececaceeggda paa
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ggcagtgtgt atgoaggeatectoaqgotacggggtgggooct
LLLL L L il pna

Once the RNA is made, it separates and leaves the nucleus, and the DNA closes back up.

IIIIIII|| {IIIIIIIIIIIII ITTTITITIITTIITIT]

gtoacacatacgteogtagqagtoeqgatgooccacoocgdgga
ggcagtgtgtatgcaggcatcctcagctacggggtgggccct
L L LR il pna

TTTTTITTI T T I T I T T T IT I T I T ITITITIITTITT T
cegucacacauacguccguaggagucgaugecccaceeggda pya

This RNA now becomes the template to make the protein. The Central Dogma of biology is the
idea that genetic information is transferred from DNA to RNA to protein.

Unit Goals and Objectives

Goal: Students will be exposed to the excitement of modern biology from both the biological and
mathematical point of view.
Obijectives:

e Understand the procedure of a microarray experiment.

e Relate the results of a microarray to gene expression.

Goal: Students will explore connections between the mathematical and biological sciences.
Objectives:
e Interpret the colors and the numerical results of a microarray experiment biologically.
e Create and interpret dot plots for univariate data.

Goal: Students will experience how statistical analysis and geometric representations summarize
information and help identity and interpret patterns in experimental data.
Objectives:
e Calculate and interpret the mean and median to summarize the location of data.
e Calculate and interpret the standard deviation (and, optionally, IQR) to summarize the
variability of data.
e Create and interpret scatter plots for any two paired variables.
e Calculate distances between points in the plane and interpret those distances with respect
to pairwise genetic similarity.
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Lesson 1 An introduction to Microarrays

You are a practicing family doctor. A patient that you have had for many years, Ralph, comes to
you for his yearly exam. During his physical, you notice that a mole on his back has changed in
its appearance and size. It is no longer symmetrical and has developed an irregular, ragged
border with the pigment spreading into to surrounding skin. Its coloration is varied with some
parts being red, some tan and some black. You tell Ralph that you are concerned that this mole
may have developed into melanoma, a type of skin cancer, and that he should see a specialist as
soon as possible. Your nurse calls a dermatologist that specializes in melanomas and sets up an
appointment for Ralph on the next available date.

The dermatologist confirms your suspicion of melanoma with a biopsy of the mole and classifies
it as stage Il because the mole is more than 2mm thick but has not spread to the lymph nodes.
The dermatologist informs you that he has ordered a microarray to determine the primary cause
of Ralph’s cancer and to make the appropriate treatment decisions. Since this technology is
relatively new to the diagnosis of skin cancer, you need to educate yourself about the microarray
procedure and its applications.

How a Microarrayer Works

A researcher performed an experiment to investigate which genes were activated under the
conditions of high levels of CO2 on soybeans. The following diagrams depict the experiment.
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The cDNA from both samples is mixed and washed over the array. If a complimentary strand of
DNA is on the microarray, the two will bind. Note that the green came from the control group
(normal conditions) and the red came from the experimental group (exposed to CO2).

CeCeOOe0 This gene is being
COOPO®O®E_—— . ..qmoreinthe
This gene is 0009999 plants grown under
being used e0eOOCOES normal conditions
. —— 9 O0O0000O0® ,
more in the "Ye1°F X 1= 1=
plants exposed o X Xel= 8 e
tohigh CO; ﬂ H
No expression of This gene is being
this gene by either expressed in both the
group of plants. control and the

experimental plants

Source: Original work by K. Gabric

Figure 1.1: Soybean Microarray Experiement[!]

A computer can read the microarray and determine the degree of expression. The brighter the red
spot, the more it is being expressed in the experimental group relative to the same gene in the
control group. The brighter the green spot, the more it is being expressed in the control group
relative to the same gene in the experimental group. Yellow spots are being expressed equally by
both groups of plants.

Question for Discussion

1. Imagine you are researching a type of bone cancer found mainly in children. How could you
use microarray technology to determine which genes had been most affected by the cancer?
(Hint: An individual with cancer would have some cancerous cells and some non-cancerous
cells.)

ACTIVITY 1-1  Sequence and Array
Objective: Translate a mRNA sequence to a cDNA sequence and identify cell types.

Materials:
Handout MA-H1: Sequence and Array Activity Worksheet

1. If the following mRNA sequence was isolated from the cancer cells, what cDNA sequence
would be synthesized from it?
Reminder: U(uracil) in mRNA codes for A(adenine) in DNA
A(adenine) in mRNA codes for T(thymine) in DNA
G(guanine) in mRNA codes for C(cytosine) in DNA
C(cytosine) in mRNA codes for G(guanine) in DNA
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MRNA GUACCGAUAUUCGGUAAAAAAAAAAA
cDNA

2. Many variations on colors are possible on microarrays. There may be yellowish-green or
orange colors, depending on the relative amounts of red and green mixing. Each color can be
dark or bright or something in between, depending on the total fluorescent molecules. The
picture below is a zoomed in picture of a real microarray, showing many different shades of
color.

Photograph by Guillaume Paumier (user:guillom) (Own work) [CC-BY-SA-3.0 (http://creativecommons.org/licenses/by-sa/3.0)
or GFDL (http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons

a. After reviewing your notes, identify a spot on the real microarray above that is
expressed mostly in a healthy cell?

b. Identify a spot on the real microarray above that is expressed mostly in a cancer cell.
c. Identify a spot on the real microarray above that is expressed in both types of cells.

d. Identify a spot on the real microarray above that is not expressed in either type of
cells.

e. Why are some spots lighter or fainter in color or an off shade of color?
The ideas of microarrays have captured your interest and definitely deserve more attention. You
need to know more about this amazing technology. This is going to take some time, so you

decide to get comfortable and put on the old thinking cap as you head to a DNA Microarray
Virtual Lab.
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ACTIVITY 1-2  Microarray Virtual Lab

Objective: Understand how DNA microarrays are used to study gene expression and cancer

biology.
Materials:

Handout MA-H2: Microarray Virtual Lab Activity Worksheet

Internet access/computer

Website: http://learn.genetics.utah.edu/content/labs/microarray/4l

Take notes on the major steps of the lab process.

1. Collect Tissue

2. Isolate RNA.

3. Isolate MRNA.

4. Make labeled DNA copy.
5. Apply DNA.

6. Scan Microarray.

The color of the spots are as follows:

a. green =
b.red =

c. yellow =
d. black =

7. Analyze Data.

Microarrays
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Lesson 2  Understanding Microarrays

This is amazing technology! Visiting a lab that actually runs real microarrays would be a great
experience. You remember that a friend from med school, Shiv, went into medical research and
works for Li Vai Genes, Inc., the company where Ralph’s sample was sent for analysis. You give
him a call and tell him you would really like to visit his lab.

Analysis on Paper

Upon arrival at Li Vai Genes, you and Shiv catch up on all the news. Then you tell Shiv about
your patient with melanoma that piqued your interest in microarrays. Before taking you into the
lab, Shiv pulls out two bags with lots of pieces of paper and says “Let me show it to you this way
first, and maybe it will make more sense.”

Shiv tells you that originally there were two different tissue samples, normal skin cells and
cancerous skin cells. The procedure to produce 2 samples of fluorescently labeled cDNA was
carefully followed. The cDNA from the normal cells was synthesized with green fluorescent
nucleotides, and the cDNA from the cancer cells was synthesized with red fluorescent
nucleotides.

The next step is to see where the cDNA binds to the single strand of reference DNA on our
microarray. Each cDNA will only bind to the spots that have completely complementary
sequences. Shiv reminds you that this means A(adenine) and T(thymine) will always pair and
C(cytosine) and G(guanine) will always pair in DNA. “A Two Car Garage,” you mumble under
your breath. Shiv asks what you are talking about. You respond by telling him you just
remembered your high school biology teacher using “A Two Car Garage” to instill the DNA
base pair bonding rule in your mind when you were just a teenager.

You follow along with your own paper as Shiv goes through the activity outlined below.

ACTIVITY 2-1 A Paper Lab
Objective: Understand the process of analyzing microarrays
Materials:
Handout MA-H3: A Paper Lab Activity Worksheet
Handout MA-H4: DNA Microarray of 6 DNA Spots
Handout MA-H5: cDNA Synthesized With Green Fluorescent Nucleotides
Handout MA-H6: cDNA Synthesized With Red Fluorescent Nucleotides

1. Your DNA microarray contains only 6 spots of DNA that represent 6 different human genes
that may or may not be associated with skin cancer. For this part of the simulation use the
8"x11" piece of paper with 6 large circles on it each with a DNA sequence.

2. Hybridize the fluorescently-labeled cDNAs from the two cell samples with the single
stranded DNA on the microarray. To do this, match the complementary sequences. Shiv smiles
and tells you to try to neatly stack your hybridized cDNAs to keep the gene chip sequence in
view. He also tells you that some spots may have only green cDNA or only red cDNA, but some
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spots will have both colors. Also, some cDNAs may not bind to any of the 6 genes and can be
placed off to the side.

You set to work. Since your DNA biology is a little rusty, you are not as fast as your friend Shiv.
After finding a few cDNAs that match you start to see some patterns and pick up your pace.

3. The next step is to wash the slide to remove excess fluorescent cDNA that did not bind to
spots. In our paper lab, this means to remove the unbound cDNAs that were put off to the side.

4. Now read the microarray. In the lab, a scanner will be used that measures the fluorescence of
each spot at two different wavelengths for green or red. Here we will just record your results on
the paper gene chip.

a. In each circle include how many copies of green or red cDNA bound to each spot.

Gene b

b. What color and intensity do you think each spot will be? Remember the color may be
red, green, yellow, black, and different shades or combinations of these colors. Record
your answers in the circles above.

5. Shiv explains that now is where the really important analysis of the data occurs to determine
which genes (represented by each spot) are expressed in each tissue sample (and which are
expressed in both or none). To check your understanding, Shiv asks you the following
questions:
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a. If the circle is green what does that tell us?
b. If the circle is red what does that tell us?

c. If the circle has equal green and red cDNAs, what color will the circle be? What does
that tell us?

d. If the circle has no green or red cDNAS, what color will it be? What does that tell us?
e. What if one circle is a dark green and another circle is a much lighter green? What

does that tell us?

Shiv responds to your answers. "Great job! Before | take you into the lab, I want you to answer
the following questions." Here we analyze our cancerous skin cells vs healthy skin cells
simulation. Use the paper microarray with 6 genes done in class and answer the practice
questions.

Practice

1. Which of the genes 1-6 are genes expressed in both cell types? Explain.

2. Are all of the genes expressed (transcribed) the same amount? How do you know this? What
could this mean?

3. Are any genes not expressed in either cell type? How do you know this? What function could
this gene have?

4. Which genes are transcribed more in cancer cells than normal cells? How do you know this?
5. Which unknown genes (#1-6) might be genes that prevent cancer from forming? Explain.

6. Which unknown gene sequences (#1-6) might be genes that play some role in causing this type
of cancer? Explain.
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Lesson 3  Using Microarrays to Study Skin Cancer

It's now time to enter the real lab. "Generally,” Shiv says, "we prepare many microarray slides in
advance. We have a robot that can put thousands of tiny spots on a slide in a process similar to
ink jet printing. Since these spots are very small, the results cannot be seen with the naked eye
and a special microscope, laser and computer are needed.”

Analysis in the Lab

To help us understand the process better, we are going to use a slide on which we will put the
genes we want to study. We are going to make the spots really big so we can see the results just
by looking at it.

ACTIVITY 3-1  Microarray Wet Lab®!
Objective: Participate in the process of a microarray analysis.
Materials:
Handout MA-H7: Microarray Wet Lab Activity Worksheet
Handout MA-H8: Microarray Wet Lab — Six Genes
Handout MA-H9: Gene Expression Values
Carolina microarray Kit, goggles, gloves, slides, micropipettors (optional), waterbath

1. Put on goggles and gloves. Take a blank slide. Do not touch the surface of the slide. Handle it
on the edges only. Label your slide with your name in the frosted labeling area.

2. At the waterbath area, spot your slide with the DNA genes we are interested in studying. We
will spot six genes that are used in a microarray experiment to study melanoma. (See MA-H8 for
more information about these genes.)

GENE 1: CK4 —Cyclin-Dependent Kinase 4

GENE 2: ATP5J- ATP Synthase, H+ Transporting

GENE 3: CDKN2A —Cyclin-Dependent Kinase Inhibtior

GENE 4. HBB - Hemoglobin Beta locus

GENE 5: MAGEA1 - Melanoma Antigen, Family A, 1

GENE 6: MC1R- Melanocortin 1 Receptor

Method 1: Set your micropipettor to 30 uL. The DNA from each gene is in a marked
bottle that is being kept warm in the waterbath. Measure 30 uL from the bottle labeled
Gene 1 and place the sample on the open circle labeled 1 on your slide. Repeat this for
each of the other 5 genes. Make sure you use a clean tip for each sample! Fasten the lid
on each sample after you've used it and place it back in the waterbath.

Method 2: Using the dropper bottle for Gene 1, carefully spot a drop of it on the open
circle labeled 1 on your slide. Repeat this for each of the other 5 genes. Fasten the lid on
each sample after you've used it and place it back in the waterbath.

As you prepare for the next step, Shiv explains that they have many different samples that are
sent to them for diagnosis. "While | cannot legally pull out your patient's sample, | can use a

Microarrays Student 12



sample from an anonymous patient that has been diagnosed with melanoma. mRNA was isolated
from healthy skin cells and the cDNA created from this mRNA is labeled with a blue dye.
Normally for a microarray a fluorescent green dye is used but to do these large spots, we are
using a different dye. The cDNA from the cancerous skin cells is labeled with a pink dye instead
of the normal fluorescent red dye for the same reason. The bottle I'm giving you now contains a
mixture of labeled cDNAs from healthy skin cells and cancerous skin cells. The solution appears
clear because the cDNA is very dilute. The colors will not be apparent until after hybridization
has occurred when the labeled cDNA becomes concentrated on the spot.”

3. Using the dropper bottle labeled "hybridization solution,” gently squeeze 1-2 drops onto each
spot. Do not allow the dropper bottle to touch the DNA spots. Within a minute you see the color
change due to hybridization.

4. Take a picture of your slide and/or record the results immediately as the DNA dots can move
on the slide if bumped.

Questions For Discussion

1. Since different dyes were used in the activity, purple is seen as a mixture of blue and pink
cDNAs. Because this is being "read"” with the naked eye, spots with no hybridization appear
clear. Describe the results of each spot on your microarray.

2. What do you think these colors are describing and how might you quantify what you see?
Interpreting Microarrays

Shiv hands you a card with various shades of blue, pink and purple, and explains that the color
scale represents both the shade and the intensity of colors you might see in your microarray. He
tells you that the shade ranges from blue to pink as you go from left to right in the scale, and
each shade corresponds to a gene expression value. The intensity ranges from deep to pale as you
go from top to bottom in the scale, and tells you whether there was a large or small number of
copies of each gene in the sample.

Interpolating is the process of selecting a number in between two given numbers in a table. In a
color analysis, you may decide that your color is halfway between the colors for 5 and 10. You
would therefore interpolate to find the number halfway between 5 and 10, and assign a gene
expression value of 7.5. Or you may think your color is closer to the color for 5 than it is to the
color for 10, and assign a gene expression value of 6.
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ACTIVITY 3-1 (continued)

2. In your group, try to match the colors in your microarray to those in the color scale by
estimating the gene expression values (numbers) as best you can, and interpolating between the
given numbers to represent colors in between those shown. Record a gene expression value for
each of the six spots in the space provided below. If the spot is colorless, do not assign a number
and leave it blank.

Genel Gene 2 Gene 3

Gene 4 Gene 5 Gene 6

Shiv reminds you about the significance of your results when explains that gene expression
values show how cancerous skin cells differ from healthy skin cells. Microarrays help
researchers find genes that are associated with skin cancer. Further studies can then be done on
those genes to look for possible treatments and cures. You are excited about this technology and
what it might be able to do for your patient, Ralph.

Questions For Discussion

3. Which gene(s) were expressed in the skin cancer cells? How do you know?

4. Which gene(s) were not expressed in the skin cancer cells? How do you know?

5. Gene 4 was hemoglobin (HBB). We did not expect hemoglobin to be expressed in healthy
skin cells or cancerous skin cells because they do not need to make hemoglobin which is a
protein needed by red blood cells to transport oxygen. Was hemoglobin expressed on your slide?
If hemoglobin is not expressed by skin cells, why do you think it was used in this experiment?

6. Gene 2 was ATP synthase (ATP5J). We expect ATP synthase to be expressed in both healthy
skin cells and cancerous skin cells because it is needed for ATP synthesis. Was ATP synthase

expressed? Why was it used in this experiment?

7. Which genes may play a role in causing cancer in skin cells? Explain why you chose these
genes and not other genes.

8. Several other doctors visited Shiv's lab and did the same six-spot microarray experiment that

you did. Do you think they all got exactly the same gene expression values for the six genes that
you did? Why or why not?
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Lesson 4  Measuring Variability

After reflecting on your experience in Shiv's lab, you begin to wonder about the reliability and
reproducibility of a microarray experiment. You know that all laboratory experiments involve
some degree of variability. Just as you do not get the exact same number of granules each time
you measure a cup of sugar, you do not get the exact same volume of reagents each time you
repeat an experiment. Even instruments that seem to measure things very precisely still have
some variability.

Pattern Plots

You are sure that if gene expression values are to be useful in medical research, it is important
for the researcher to know whether observed differences are part of a pattern and worthy of
further investigation, or likely to be just the result of random variation. Making that decision
requires that the researcher have some idea of how much variation is typical in such
measurements. You visit your friend Maria, who is a statistician, to learn how to quantify the
variability in microarray experiments. She tells you the first step is to look at the data. Then she
shows you data from a previous gene expression investigation in the form of a dot plot in Figure
4.1.

B tel=lalalalals]

M oo
0 Jaoon
elulalz]

gene_5

Figure 4.1: Dot Plot of Maria's Data

Dot plots provide a quick and easy way to visualize small data sets. The name of the variable
being graphed serves as the label for the number line in the dot plot. Each dot represents one
measurement of the indicated variable. Maria’s dot plot shows 20 measurements for gene 5 from
one patient in a previous study.

As just one doctor with your own set of gene expression values from the lab, you would like to
obtain from Shiv the gene expression values from other doctors for the genes in which you are
interested. You could then analyze these data for variations.

For the purposes of this class, each group represents a doctor who has determined gene
expression values. On your copy of the Wet Lab Data Collection table, record the gene
expression values obtained by each lab group in your class. Your teacher will number the lab
groups so that everyone’s table looks exactly the same.
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Lab Group

Gene

1

2

3

10

11

12

13

14

15

16

17

18

19

20

Microarrays

Table 4.1 Gene Expression Values From Class Lab
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ACTIVITY 4-1  Analyzing Gene Expression Lab Results

Objective: Analyze gene expression data with dot plots.

Materials:
Activity MA-H12: Analyzing Gene Expression Lab Results Activity Worksheet
Activity MA-H10 or MA-H11: Gene Expression Values Table

1. Draw six number lines like the one shown below to make a dot plot of the gene expression
values from your class lab data for each gene. Each number line represents one gene. Each dot
represents one group’s measured value for that gene. All values in each column of your table will
be plotted on one dot plot. When you finish, each of the six dot plots should have exactly one dot
for each lab group.

2. Look back at your data table, then at your dot plots. If you were required to have just one of
these—either the table or the plots—which one would you choose for a quick understanding of
typical values of the variables? Why?

3. For each dot plot, write one or two sentences that describe typical values obtained by your
class for that gene. A description that says something about consistency would be more useful to
your reader than one that just states a single number as “the typical value” for that gene.

4. Based on your dot plots and descriptions, for which gene does the gene expression value vary
the most? Why did the gene expression values of this gene vary more from group to group than
the values of other genes?

Numerical Summaries

In many cases, comparing dot plots of data may be all that is needed to understand the amount of
variation in particular data sets. In fact, data analysis typically starts with making plots that can
reveal desired information. The next step in data analysis is usually writing a general, qualitative
description of the overall pattern and exceptions that are visible in the plot(s). Ultimately,
though, the analysis will probably lead to one or more summary numbers that can help quantify
the description. Having such numerical summaries permits different researchers to verify each
other’s results and to compare new results to previous work.

Two separate features of your dot plots are actually worth quantifying. These two features are
“location” and “spread” of typical values. Location is thought of as a coordinate on the number
line, while spread is usually thought of as a measure of distance or length, indicating something
of how far typical values might stray from that central location.

The first feature, location, deals with the question, “What number approximates the center of all

the data?” You are probably already familiar with the mean (average). To find the mean, add up
all the data values and divide by the number of values in the set. It is one measure of location.
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Another measure, the median, is also commonly used. To find the median, place all the data
values in numerical order and “count in” from both ends at the same time until you reach the
middle value. Note that it is customary to report values of mean and median as decimal numbers
rather than as common fractions in order to permit easier comparison of results, say from
different genes or different studies.

As you have seen, just knowing “location” information does not tell the whole story of data.
Since repeated measurements of the same quantity will vary, knowing something about how
much variation is possible is also important. Thus the second feature of your dot plots that needs
to be quantified is spread, or consistency. Another name for spread is variability.

Variability deals with how far data values stray from their typical location. Thus distance seems
like the right kind of measurement to use for measuring variability. One fairly natural idea is to
look at how far each value is from the center. You could then add those distances (or average
them) to get a single number that would be some kind of measure of spread. If points varied
long distances away from the center the result would be a large number. If points stayed pretty
much near the center the corresponding result would be much smaller. For this unit, we will use
the mean as our measure of center.

ACTIVITY 4-2  Measures of Center and Variation
Objective: Analyze measures of average and variation in data sets
Materials:
Handout MA-H13: Measures of Center and Variation Activity Worksheet

1. Return to your gene expression data. Without using built-in mean or median features on your
calculator, find the values of the mean and median for each gene. It may be easiest to get the
median from your dot plots. Are these numbers consistent with the verbal descriptions you wrote
earlier?

2. If someone reported to you only the value of the mean or the median—no other information—
for a particular gene would you have a complete understanding of the expression values for that
gene? Explain.

3. For the sake of simplicity, suppose that the following values were obtained in reading a very
faint gene spot: {2, -3, -3, 6, 3}. The dot plot below shows these data together with a vertical bar
at the mean and horizontal bars indicating how far each value is from the mean. Note that points
larger than the mean have displacements labeled positive (+) and those below the mean are
labeled with negative (-) displacements.

= +

=]
5] 5] =] =]
T T T T T T T T L EEN (L ST [ EFUek BN T N EEE N

-2 0 2 4 g
example_data

Figure 4.2: Example Data
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The description above suggests examining spread by either adding up the displacements from the
mean or by averaging the displacements from the mean. Explain why, for any single data set,
you get basically the same information from these two approaches.

4. Suppose Maria chooses to add displacements to measure variability. If she tells you only her
final numbers for two data sets, will you be able to determine which of the two sets was more
varied? Explain.

5. Suppose Shiv chooses to average displacements to measure variability. If he tells you only his
final numbers for two data sets, will you be able to determine which of the two sets was more
varied? Explain.

6. There are several ways one might go about calculating such displacements. The simplest
method is to calculate (data — mean) for each data value and then find the average of these
differences. Using the sample data, those calculations look like this (the mean is 1):

Differences: (2-1)=1,(-3-1)=-4,(-3-1)=-4,(6-1)=5,and (3-1) = 2.
Average of Differences: (1+-4+-4+5+2)/5=0.

But you know from the dot plot that O is not a good indicator of the actual variability in those
data. There certainly is some variation here! Maybe this is just a bad example. What do you think
caused this average to be 0?

7. Make up your own small data set and repeat these “displacements and average” calculations.
Based on your results, what do you think of this approach? Explain carefully. Do you think that
happens with every data set?

8. One way to correct the problem you noted in question 7 is to square the displacements before
averaging: (data-mean)?. This measure is called the variance.
a. Calculate the variance for the faint data set {2, -3, -3, 6, 3}.

b. Comment on its effectiveness in describing the overall variability of your data.

9. The variance is a valid measure of variability, at least for comparisons, and it turns out to be
very useful in certain situations. Its numerical value, however, does not match our verbal
descriptions. Computed values seem much larger than what our eye sees as the typical distance
to the center. The reason, of course, is that large differences squared become VERY large.
Another problem is that its unit of measure is “units squared.” So, if data are in grams, then
variance is in grams?, which is hard to interpret. The solution is to report the square root of
variance. This new measure is called the standard deviation. Calculate the standard deviation of
our sample data {2, -3, -3, 6, 3}.
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10. Return to your class wet lab data.
a. Find the standard deviations for the expression values of genes 1 and 5.

b. Compare the two standard deviations you calculated in part (a). What does this
comparison tell you about the expression values for genes 1 and 5? Is this information
consistent with what you see in your dot plots for these genes? Does standard deviation
provide a useful alternative for summarizing typical variability in your data?

Questions For Discussion
1. What did our analysis tell us about variability of gene expression values?

2. What does the existence of variability tell us about our practice of taking gene readings?

ACTIVITY 4-3  Measuring Mealworms
Objective: Collect data and calculate standard deviation.
Materials:
Mealworms — 5 for each group of students
Handout MA-H14: Measuring Mealworms Activity Worksheet

Your teacher has a colony of mealworms raised for scientific experiments. You are to pick 5
randomly and determine the standard deviation for their lengths. The standard deviation is a
statistic that describes how tightly all the different data points are clustered around the mean.

1. Measure the mealworms. Figure: 4.3 shows a sample of mealworms.

25

20

At

Figure 4.3: Example Mealworms

Length [mm)

2. Determine their mean length.
3. Determine each worm’s difference from the mean.

4. Calculate the Variance: Take each difference, square it, and then average the result:
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5. Calculate the Standard Deviation: Take the square root of the Variance.

6. Let’s say the standard deviation of our sample was 2.3mm and the mean was 17mm. Figure
4.4 shows 1 standard deviation above and below the mean. Worms 3, 4, and 5 fall within one
Standard Deviation. Worm 1 is a bit longer than normal and worm 2 is a bit shorter than normal.

25

20

 taa L ‘ o
. 23 | ’ - ’

0

Length (mm)

Figure 4.4: Sample Mealworms With Standard Deviation

What if the worms had been 24mm, 10mm, 15mm, 12mm, and 20mm? Predict whether the
standard deviation will be greater or lesser than 2.3mm? Explain.

7. Calculate the standard deviation to see if your prediction is correct.
Extension: IQR - A Different Way to Measure Variability

As you have seen, just knowing “location” information does not tell the whole story of data.
Knowing something about variability is also important. You already know how to measure
variability using variance or standard deviation. However a simpler measure of variability is the
Inter-Quartile Range (IQR). IQR describes variation among typical values. As such, it is not
influenced by values that are not typical.

The IQR is defined to be the length of the middle 50% of the data along the number line. You
can think of the middle 50% of the data as starting with the “median of the bottom half” and
ending at the “median of the top half” of the data set. Note, however, that the IQR is a length, so
it is reported as a single number, not as a pair of endpoints.

Many calculators and computer programs compute this number automatically. You can find it for
small data sets without a calculator just by placing the data in numerical order as though you
were finding the median, then “counting in” from both ends past one-fourth of the data on each
end.

To illustrate, consider the following example gene expression data:
{7,9,7,6,7,9,8,10,7,6,7,7,8,7,8,7,6,9, 8, 9}
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The first step in calculating the IQR is to put the data into numerical order. Of course, if you
have a dot plot of the data, the plot takes care of that for you! The re-ordered list is now:
{6,6,6,7,7,7,7,7,7,7,7,8,8,8,8,9,9,9,9, 10}

There are 20 values in the list, so one-fourth of the data consists of 5 values. Counting in from
the left end in past the first 5 values gives 7. Counting in from the right end past 5 values gives
8.5 (between the 9 and the 8). Thus the middle 50% of the data fall between 7 and 8.5, and
subtraction gives the IQR: 1.5.

{6,6,6,7,7,|7,7,7,7,7,7,8,8,8,8,|9,9,9,9, 10}

Unfortunately, the number of dots in a data set frequently is not a multiple of four. In such cases
a decision has to be made about where “one-fourth of the data” actually falls. One drawback of
the IQR is that there is no universally accepted method for making this decision. The good news,
though, is that for large data sets this ambiguity makes almost no difference at all.

In thinking about the IQR and standard deviation it is important to notice that they measure
variability in slightly different ways. The standard deviation measures distances from the center.
The IQR measures a distance between a typical low number and a typical high number. You
should expect the IQR value to be a bit larger than the standard deviation value for the same
data.

ACTIVITY 4-2 (continued)

11. Again use your gene expression data from the class lab. Without using the built-in features of
your calculator, find the values of the IQR for each gene. Do these IQR values give useful
descriptions of the variability of the data?

The calculation of the IQR for a data set is nice in a number of ways. It is relatively simple to
compute and it ignores extreme values. Its weaknesses are related to its strengths. Different
people working with the same data can get slightly different values for IQR depending on how
they deal with “fractional dots.” And because it ignores half the data, two sets may get identical
scores when the plots suggest that one is more highly variable than the other.

The standard deviation is harder to calculate by hand but includes all the data, so avoids the
weaknesses mentioned above. But because it includes all the data, the standard deviation can
give misleading results if the data are not roughly symmetric about the center.

Practice

1. Return to your wet lab data from class. Find the standard deviations for each of the remaining
genes’ expression values.

2. Look back at your work in class with the data from the wet lab. For any of the genes in the

class data, did you feel that either the mean or median was a particularly better measure than the
other?
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3. Use your data for gene 1. Find the two smallest expression values among those data and
replace them both with -10s (solid blue). Since only the two lowest values have changed, the

“typical” values should still be the same.

a. Re-draw the dot plot and recalculate the mean, median, and standard deviation.
Comment on how well these recalculated measures agree with your earlier verbal

description of typical values.

b. Which measures in part (a) seemed most affected by the changes in the data? Explain

why this is not really surprising.

4. The dot plot in Figure 4.2 shows the number of CDs 51 students claim to own in a particular

school in Atlanta in the fall of 2008.
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Figure 4.2: Dot Plot Of Numbers Of CDs, Fall 2008
a. What values would you consider to be typical for these students?

b. Two vertical lines have been added to the plot in Figure 4.3. Which of these lines do
you consider to be the better indicator of typical counts for CDs for these students?
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Figure 4.3: Dot Plot Of Numbers Of CDs, With Special Values

c. The two lines actually represent the mean and median of the data. Which line do you

think represents the mean? How did you decide?

5. Look back at the plots in question 4. Since you don’t have the actual data, you can’t really do
the calculations for the standard deviation. Without finding its value, decide whether you think
the standard deviation would do a good job of representing the variability of the typical numbers

of CDs owned by these students. Explain.

6. What characteristics would a dot plot of values have if both the mean and the median provide
good measures of center and the standard deviation a good measure of variability?

7. Figure 4.4 shows the measured lengths, in millimeters, of 120 whole (unopened) peanuts.
Describe typical peanut lengths in words. Explain, in terms of features of the plot, why neither
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the mean nor the median would do a particularly good job in summarizing typical peanut lengths.
What physical characteristic of peanuts explains the shape of the graph?
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Figure 4.4: Lengths Of Peanuts (mm)

8. Suppose for a moment that you work for the National Institutes of Health (NIH), and you have
been asked to write guidelines for the use of microarray data as a screening tool for melanoma.
You have run a study and collected microarray data from over a hundred patients known to have
this cancer, and over a hundred patients known to not have this cancer. One specific gene seems
to have large expression values in affected patients, and small expression values in healthy
patients.

Your task in setting up the screening guidelines is to provide a critical expression value for
physicians to use in their practices. If a patient has an expression value above that critical
number, the doctor will do further testing to verify the diagnosis. If the patient’s expression value
is below the critical number they will be assumed to be healthy and the doctor will do no further
testing.

As you know, expression values vary for a single patient, so by combining values from a large

number of patients even more variability is apparent. Without dealing with specific numbers,
discuss the consequences of choosing a high critical value versus choosing a low critical value.
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Lesson 5

Clustering and Classifying

So far, you have only looked at gene expression values for the patient that your friend Shiv used

as an example when you visited his lab. Do you think this one anonymous patient is

representative of everyone with skin cancer? You know that the gene expression values for this
patient, like all experimental data, have some variability. Now you wonder whether the gene

expression values would have even greater variability if you looked at several different patients
instead of the same patient over and over again.

Multiple Microarrays

You call Shiv to see if he has data for other patients. He emails you a table of gene expression
values. He explains that these data are from the same six-spot microarrays like the one you did in
my lab, for twelve different patients. You can see in the data that gene 4, the hemoglobin gene,
was never expressed in these samples, since they are all skin samples. If you remember, that was
our negative control. Our positive control was gene 2, the ATP synthase gene that must be
expressed in all cells for them to survive. You thank him for sharing his data with you, and get to
work with your calculator to test your hypothesis. Until you started working with microarray
data, you never knew that a scientific hypothesis could be tested with just calculations, and no

laboratory work.
Patient Gene 1 Gene 2 Gene 3 Gene 4 Gene 5 Gene 6
A 10 1 8 n/a 2 4
B 6 0 -10 n/a 8 5
c 2 2 -9 n/a 4 -6
D 5 2 7 nfa 6 3
E 1 0 -10 n/a 8 5
F 8 1 8 n/a 3 -3
G 1 0 -9 n/a 5 1
H 3 0 110 n/a 4 -6
| 1 2 8 n/a 0 2
J 2 1 1 n/a 9 8
K 1 1 1 n/a 6 10
L 1 1 -2 n/a 1 6
Table 5.1: Six-Spot Microarray Data For 12 Patients
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Question for Discussion

1. Just by looking at the table Shiv sent you, which genes do you think have a large standard
deviation? Which genes do you think have a small standard deviation? Explain your answers.

ACTIVITY 5-1  Gene Togetherness
Objective: Identify and interpret patterns in gene expression data
Materials:

Handout MA-H15: Gene Togetherness Activity Worksheet

1. Sketch a dot plot for Gene 5 in this group of 12 patients, and describe what you see.

2. Sketch a dot plot for Gene 6 in this group of 12 patients, and describe what you see.

3. Compute the standard deviations for Gene 5 and Gene 6 in this group of 12 patients.

4. Use the dot plots you drew for Genes 5 and 6 to explain your answers to question 3.

5. Does standard deviation alone describe the differences in these two dot plots?

6. List the patients in each of the two distinct groups in your Gene 6 dot plot.

From Dot Plot to Scatter Plot

Excited by your latest discovery, you call Shiv to see if there was anything special about these
patients that would cause them to be categorized in two different groups. Shiv tells you that some
of the patients responded well to a test treatment, and others did not. Shiv’s group did not yet
know why. You promise to call Shiv back after you analyze the data a little more. You want to
impress your friend with how much you have learned about microarray data, and don't want to
jump to the wrong conclusion.

When you share your discovery with your statistician friend Maria, she suggests a new kind of
plot that will help you cluster, or group together, patients with similar gene expression values.
She explains that a simple way to cluster patients is by picking two genes and graphing all of the
patients' gene expression values for those two genes in a scatter plot as though they were points

in the x-y coordinate system. She shows you an example, using Gene 1 values as the x-
coordinates and Gene 6 values as the y-coordinates for the twelve points.
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Figure 5.2: Scatter Plot of Gene 1 vs. Gene 6

You can see from Maria’s graph how the two groups of patients are separated in the scatter plot.
You already knew that Gene 6 was a good gene to separate the patients into two groups, and
because Gene 6 is on the vertical axis, the scatter plot has a group of points near the top of the
plot, and another group of points near the bottom of the plot. You can also see that Gene 1 values
alone do not separate the patients into two groups. Notice there is no specific horizontal
separation of one set of points and another.

Maria then tells you that although this scatter plot helps you see the two groups, sometimes it’s
better to have some sort of quantitative measurement to characterize the distinction of the two
groups in order to analyze and compare results. She indicates that a measure called the within-
cluster sum of squares is a popular and reasonable method for quantifying clustering quality.
Start by looking at the scatter plot that best separated the two groups.

Questions For Discussion

2. Where would you say the center of each cluster is?

3. Which pairs of genes do you think will be best for separating the patients into two groups?

ACTIVITY 5-1 Gene Togetherness (Continued)

7. Create all the necessary scatter plots and choose the one that most clearly separates the
patients into two groups. Remember that genes 2 and 4 are controls and do not need to be
included.

8. Find the centroid of each cluster. The x-coordinate of the centroid is the average of the x-

coordinates of all points in the cluster, and the y-coordinate of the centroid is the average of the
y-coordinates of all points in the cluster.
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9. Describe the qualitative nature of the distances from each point in a two-gene scatter plot to
each of the two centroids, assuming that the two genes produce a "good" separation of the
patients into two clusters.

10. Describe the qualitative nature of the distances from each point in a two-gene scatter plot to
each of the two centroids, assuming that the two genes produce a "poor" separation of the
patients into two clusters.

11. Look at the scatter plot that best separated the twelve patients into two clusters, and consider
the cluster of three patients. Find the squared Euclidean distance between each point in this
cluster and the centroid of this cluster. (Note that the squared Euclidean distance is easier to
calculate than the usual Euclidean distance between points, because you don't have to bother
with the square root part of the formula.) Sum these three squared distances.

12. Consider the other cluster (containing nine patients) in the same scatter plot. Find the squared
Euclidean distance between each point in this cluster and the centroid of this cluster. Sum these
nine squared distances.

13. Maria explains that the quality of your clustering can be quantified as the sum of all the
within-cluster squared distances you found in #11 and #12. She indicates that the sum is
relatively small for a good clustering, because the distances within each cluster would be small.
If the clustering is not very good, the sum will be larger.

a. Find the within-cluster sum of squares by adding the answers to #11 and #12.

b. What is the smallest value that a within-cluster sum of squares could possibly have?
What would the scatter plot look like in this case?

c. Do you think there is a largest possible value for the within-cluster sum of squares?
Explain your answer.

14. Suppose you clustered the patients into three groups instead of two. Would the within-cluster
sum of squares increase or decrease compared to when there were two clusters? Explain your
answer.

15. Suppose you put all the patients into one big cluster. Would the within-cluster sum of squares
increase or decrease compared to when there were two clusters? Verify your answer by
computing the within-cluster sum of squares for all of the patients in our data set in one cluster.
Remember that you will need to compute a new cluster centroid first.

One More Look
You are almost ready to report your results to Shiv. Is there anything else you should consider?

What other questions might he ask you? You review your notes, and your attention is drawn to
the standard deviation calculations you did at the beginning of your analysis. The twelve-patient
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dataset that you used for clustering had only one microarray (one set of six gene expression
values) for each patient. But you know from your earlier analysis that each of these values can
vary quite a bit in multiple samples. The points in your scatter plot are not perfectly accurate
representations of the gene expression values. It seems to you that you should somehow indicate
the variability of each point with a circular region of uncertainty. Unfortunately, you do not have
the standard deviations of these gene expression values, so you can't make a scatter plot like this.
However, you will be sure to mention the uncertainty in each point to Shiv, and make the
following sketch to illustrate your idea.
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Figure 5.3: Gene 3 vs. Gene 6 with Variability Shown

Reflecting further on your scatter plots, you wonder if you could have separated the two clusters
even better if you used the gene expression values of three genes, instead of just two. It is
difficult to imagine, but you are sure that a three-dimensional plot could show better separation
than your two-dimensional plots. When you consult with Maria about this issue, she confirms
that three (or even more) genes might be important for separating the patients into two groups.
She also notes that Euclidean distance actually works in four dimensions, or as many dimensions
as you have. In these situations, you need special computer algorithms in order to group patients
into clusters. You could still measure the quality of a clustering with the within-cluster sum of
squares.

You make the promised call to share your findings with Shiv. You tell him the within-cluster
sum of squares, noting the assumption that the one value for each patient is representative. He is
happy with the value of the ratio, and impressed that you considered the effects of variability.
"Wow, that's great!" he exclaims. "We are so busy doing clinical trials with the experimental
treatment, plus keeping up with our regular diagnostic tests, that we have not had time to analyze
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these data. Now we can start researching Genes 3 and 6 to see why they might be affected by the
new treatment."

You describe how you did your analysis and Shiv confirms that the three patients separated from
the others in the scatter plot of Genes 3 and 6 were the ones who responded to the new treatment.
You explain that the next step would be to use clustering algorithms to search for more genes
that separate your patients according to clinical outcomes. Shiv says, "You have saved me a lot
of time. Next time you visit, I'm taking you to lunch at the best restaurant in town!"

Before you hang up the phone, Shiv offers you a chance to spend your upcoming sabbatical in
his lab. He also promises to send the microarray data for your patient Ralph as soon as the
quality control group releases the data.

Practice

1. Your patient Ralph's results arrive at your office. First, you read the microarray analysis
report, which confirms the diagnosis of Stage 11 melanoma, indicates a lack of metastasis, and
suggests a course of treatment most appropriate to Ralph's gene expression profile. Excitedly,
you turn to the appendix of genome-wide gene expression values and check the values for
CDKNZ2A and MC1R (Genes 3 and 6 on the six-spot microarray). The values are 0 and 5,
respectively.

a. Add Ralph's data to your two-gene scatter plot of Gene 3 vs. gene 6.

b. What is the squared Euclidean distance from Ralph's data point to each of the cluster
centroids?

2. Based on adding Ralph to your data and calculating the Euclidean distance of his data point to
the centroids, what will you tell Ralph?
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Glossary

Amino acid - amino acids are building blocks of proteins. They are organic molecules made of
hydrogen, oxygen, nitrogen, and carbon and sometimes sulphur and phosphorous.

Bases - there are 4 bases found in DNA: A(adenine), T(thymine), C(cytosine), and G(guanine).
The order of the bases in DNA determines the protein that the DNA codes for. RNA also has 4
bases but uses U(uracil) instead of thymine.

Cancer - any uncontrolled or abnormal cell growth that results in a tumor or malignant growth.
cDNA - complementary DNA. cDNA is single stranded and made from mRNA by reverse
transcription. In microarray technology, the cDNA is made from fluorescent nucleotides for
visualization purposes.

Cell - the basic unit of structure and function of living things. Each cell is bound by a membrane
and contains water along with a variety of other molecules. Within the cell many of life's
necessary chemical reactions occur.

Central dogma - the idea that genetic information is transferred from DNA to RNA to protein.
Complimentary - in nucleic acids, complimentary refers to the bonding of base pairs. In DNA,
A only pairs with T, and C only pairs with G. During transcription of RNA from DNA, DNA's A
codes for U in RNA, DNA's T codes for A in RNA, DNA's C codes for G in RNA, and DNA's G
codes for C in RNA.

DNA - deoxyribonucleic acid. The nucleic acid found in all living cells that contains the genetic
code for the development and functioning of all living things. DNA is double stranded, is made
from 4 different bases, and alternates deoxyribose and phosphate along its sides.

Dot plot - a display of univariate data along a number line in which the value of the variable for
each case appears as a single dot above the appropriate number on the number line.

Gene - a specific location of a segment of DNA that is necessary for the production of a protein.
Hybridize - the pairing of the cDNA strand with the strand of DNA found on a microarray spot.
Interpolate- the process of selecting a number in between two given numbers in a table.

Interquartile Range (IQR) - a measure of variability within a univariate data set, computed as
the length of the interval containing the middle 50% of the data.

Mean - the numerical average of a set of values.

Melanoma - a form of skin cancer that arises from the cells that make pigment.
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Median - the middle number within a data set whose elements been ordered by size.
Microarray - a miniaturized set of chemical reactions that test for genes that are actively being
expressed. If a gene is being expressed, it produces mRNA that will be used in protein synthesis.
cDNA is made from the mRNA that is present. Chemical reactions between the cDNA and
another single strand of DNA confirm or deny the activity of the gene.

Micropippetor - a specialized tool used to measure very small amounts (microliters) of liquid.

MRNA - messenger RNA is one of the types of RNA. mRNA is responsible for carrying the
genetic code on how to make a protein from the DNA to the site of protein production.

Mutation - A permanent change in the genetic material, usually in a single gene that may be
transmitted from one generation to the next.

Negative control - a negative control follows the same procedure as the experiment but is
already known to give a negative result.

Positive control - a positive control follows the same procedure as the experiment but is already
known to give a positive result.

Protein - an organic macromolecule made of amino acids linked together by peptide bonds that
carry out special functions in living things. They may provide structure, assist in speeding up
chemical reactions, act as transporters or antibodies, or regulators of gene function.

Quialitative - data described in terms of quality. In the microarray activity, it may be describe as
"light pink™.

Quantitative - data described in terms that can be measured. In the microarray activity, it may
be assigned a "7.5".

RNA - ribonucleic acid. The nucleic acid that assists DNA in carrying out its functions. RNA is
single stranded, consists of 4 different bases, and alternates ribose and phosphates along its side.

Standard Deviation - a measure of variability within a univariate data set, computed as the
square root of the average squared deviation from the mean; the square root of variance.

Transcription - the process of synthesizing RNA from DNA through complimentary bonding.
Tumor - a body that is the result of uncontrolled growth of cancer cells.

Variance - a measure of variability within a univariate data set, computed as the average of the
squared deviations from the mean. (L4)
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