Lies, damn lies, and ...
genomics

Navigating your data, your perceptions and reality
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2002 - 2005 Postdoc Germany
2005 - 2008 Postdoc Finland

2009 - unemployed 4 month, spent all savings
— > 50 job applications, 1 grant application

2009 - visiting scientist Germany
— 1 job offer UK

— 1 grant Finland
2012 -Started at Stockholm University
2022 - Professor

What was important?

« Being able to move, chase the
money & get new skills

« Learning how toBelieve in my

ideas/skills

| was able to put science first, but
had lots of fun along the way




Ecological & Evolutionary
Func’rionul Genomics
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CHRISTOPHER WHEAT LAB

https://christopherwheatlab.net/




Something you don't know about me
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Goal of this lecture

* Present a critical view of things genomic

* Make you uncomfortable by sharing some of my
nightmares with you

» Encourage you fo critically assess findings and
expectations in light of easy errors and
publication biases







Would that

Impact your
science?
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McDonald Kreitman test
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TABLE 1 Variable nucleotides from the coding region of the Adh locus in D. melanogaster, D. simulans and D. yakuba
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Adaptive protein evolution at the
Adh locus in Drosophila

John H. McDonald & Martin Kreitman
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Department of Ecology and Evolutionary Biology, Princeton University,

Princeton, New Jersey 08544, USA Nature 1991
..... D. ‘me/af.wogaster D. simulans D. yakuba
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808 TABLE 2 Number of replacement and synonymous substitutions for fixed | Fixed
. differences between species and polymorphisms within species sy
859 e | Fixed
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Fixed Polymorphic pi,f;dy
Replacement 7 2
Synonymous 17 42

A G-test of independence (with the Williams correction for continuity)*
was used to test the null hypothesis, that the proportion of replacement
substitutions is independent of whether the substitutions are fixed or
polymorphic. G=7.43, P=0.006.




Adaptive protein evolution at the
Adh locus in Drosophila

John H. McDonald & Martin Kreitman

Department of Ecology and Evolutionary Biology, Princeton University,
Princeton, New Jersey 08544, USA Nature 1991

We suggest that these excess replacement substitutions
result from adaptive fixation of selectively advantageous muta-
tions.

TABLE 2 Number of replacement and synonymous substitutions for fixed
differences between species and polymorphisms within species

Fixed Polymorphic

Replacement 7 2

Synonymous 17 42

A G-test of independence (with the Williams correction for continuity)*
was used to test the null hypothesis, that the proportion of replacement
substitutions is independent of whether the substitutions are fixed or

polymorphic. G=7.43, P=0.006.




Adaptive protein evolution at the
Adh locus in Drosophila

John H. McDonald & Martin Kreitman

Department of Ecology and Evolutionary Biology, Princeton University,
Princeton, New Jersey 08544, USA

From DNA to Fitness Differences: Sequences and Structures of Adaptive
Variants of Colias Phosphoglucose Isomerase (PGI)

Christopher W. Wheat,*1' Ward B. Watt,*t David D. Pollock,*1* and Patricia M. Schulte*t>

*Department of Biological Sciences, Stanford University and TRocky Mountain Biological Laboratory, Crested Butte, Colorado

Among C. eurytheme and C. meadii PGI sequences, we find
126 synonymous and 20 nonsynonymous polymorphic
sites. From their ratio, 6.3:1, neutrality predicts ~13 synon-
ymous fixations alongside the two observed interspecies
nonsynonymous fixations. But, no fixed synonymous
sites were found (above). These data differ significantly
by Fisher’s exact test, P = 0.021, following Moriyama
and Powell (1996) and by Goldstein’s (1964) exact binomial
test, x* = 3.41, P = 0.0006.

Wheat et al. 2005



But ... these MK test results in 0.0t 2 49

Drosophila melanogaster — 0 smrs 1
were never rigorously tested ¢

a 400 Slow

I _“|' Q43 D. melanogaster

~ 7 Fast (4,115)

. 100 - +{:FJ1K

nature

eCO]Ogy & eVO] l'lt iOl] PUBLISHED: 13 JANUARY 2017 | VOLUME: 1| AéTICRLIIlllgﬁl;. EOZSS

Experimental test and refutation of a classic
case of molecular adaptation in Drosophila
melanogaster




Does this

happen only
in bugs?




If the biomedical science has the
most money and oversight, then ....




Publication replication failures

* Biomedical studies
— 0f 49 most cited clincal studies, 45 showed intervention was effective
— Most were randomized control studies (robust design)

* Mouse cocaine effect study, replicated in three cities
— Highly standardized study

loannidis 2005 JAMA; Lehrer 2010



Assessing reality using

funnel plofs
Small sample sizes affect

Sex ratio in birds measurement accuracy

Pvalue = 0.05

Each dot = a study and has error

Study estimates are randomly
distributed about the real value

QL
“
-
=
=

2
|~
o
o
Q
=

a

Your study is just a random
estimate of some idealized value

Log Sample size (n)




Publication bias increases effect size

(o® It allgLugics RO Ul bWESE RHPHBhed
| ® published

Effect size (r)

® Published study

-0.8¢} @ ® Pvalue = 0.05

T M 100

Log Sample size (n) Palmer 2000 Ann. Rev. Eco. Sys.




What if there is no replication?

What is most likely to publish first & where?

true
0.0Fs & € effect
' size

-0.4}

Pvalue = 0.05

’08 : °

10 100
Log Sample size (n) Palmer 2000 Ann. Rev. Eco. Sys.




Distribution Under H, Distribution Under H,
for N = 50 ; Q\Er N=50
| ‘ \ . . . . .
Real effect size distribution — Biased effect size distribution
" ﬂ: nn
100 B | | | 1 | i
0 Result: inflation of true effect size Simulation of:
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Effect Size

https://bids.berkeley.edu/news/visualizing-publication-bias-case-funnel-plots



Why Most Published Research Findings Are False

A research finding is less likely fo be true when:
//*he studies conducted in a field have a small sample size
W _when effect sizes are small
““" when there are many tested relationships using tests without a

/priori selection

W where there is greater flexibility in designs, definitions, outcomes,
/qnd analytical modes

/" when there is greater financial and other interest and prejudice

4/ when more teams are involved in a scienfific field, all chasing after
statistical significance by using different tests

loannidis 2005 Plos Med.




But surely, this doesn't
apply to genomics ...




» Are these biases inherent in genomic studies?

o Why is this happening?

» How can we fry and overcome these problems?
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There are lies, damn lies,
and ...

But wait, is that fair?

Are these really lies?




Where does this bias come from?

* Population heterogeneity
— Space and time

o Publication culture

— Large & significant effects publish fast and with high
impact

— Small & non-significant effects publish slow with low
impact




Where does this bias come from?

And me .... All of us

lts arises from humans doing science

The way we think
The way our institutions work




Apophenia

The tendency to seek and see patterns
in random information and view this
as important

Story telling of the false
positives




Genomics is too hig o fail

e Making errors is extremely common
e Errors almost always result in highly significant results
» Studies in non-model species are rarely replicated

Thus, always question your bioinformatics before
falling in love with your results

When results are better than you could have
dreamed,




Publications with significant human error that have not been retracted

¥ Comparison of the transcriptional landscapes between

a human and mouse tissues
=y

“the expression for many sets of genes was found to be more similar in
different tissues within the same species than between species”

ARI ICLIE: 174 | NATURE | VOL 473 | 12 MAY 2011

doi:10.1038/nature09944

Enterotypes of the human gut microbiome

we |dent|fy three robust clusters (referred to as enterotypes hereafter) that

LETTER 228 | NATURE | VOL 502 | 10 OCTOBER 2013

doi:10.1038/naturel2511

Genome-wide signatures of convergent evolution in
echolocating mammals

More genes underwent positive selection in
chimpanzee evolution than in human evolution



% Comparison of the transcriptional landscapes between

e :
v human and mouse tissues
2y

“the expression for many sets of genes was found to be more similar
in different tissues within the same species than between species”

Time of the most recent
common ancestor:

Human and Mouse




Authors found strong
grouping of all organs by
species, not by organ

Should gene expression
patterns group by species or
ftissues?

What do we expect from
first principals, evolutionary
relationships?
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“the expression for many sets of genes was
found to be more similar in different tissues
within the same species than between

species” Lin et al. 2014 PNAS
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“[after accounting] for the batch effect,
... human and mouse tend to cluster by
tissue, not by species” Gilad and

Mizrahi-Man 2015. F1000 Research

Correlation
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Why? this was a batch effect, which confounded sequencing
grouping with biological grouping

D87PMIN1 D87PMIN1 D4LHBFN1 MONK HWI-ST373

(run 253, (run 253, (run 276, (run 312, (run 375,

flow cell flow cell flow cell flow cell flow cell
D2GUAACXX, D2GUAACXX, C2HKJACXX , C2GR3ACXX, C3172ACXX,
lane 7) lane 8) lane 4) lane 6) lane 7)

heart adipose adipose heart brain

kidney adrenal adrenal kidney pancreas

liver sigmoid colon sigmoid colon liver brain

small bowel lung lung small bowel spleen

spleen ovary ovary testis ® Human
testis pancreas ® Mouse

Solution = Keep technical effects orthogonal to biological
« Process samples together, both species in same lane, same fissues in same lane

e Will your Core facility know to do this for you?



... Why is this still being cited?

Cited by 503

2014 2015 2016 2017 2018 2019 2020 2021 2022




Do you want significant resulis? use Excel

* Personal medicine study, searching for (}]ene expression
signatures predicting sensifivity to specitic cancer drugs, as
patients show highly variable response to drug called cisplatin

— treatment for advanced non-small-cell lung cancer

» Found strong signature in
franscriptome between resistant vs.
reponsive cells to cisplatin

» Leading to additional funding
— Prescreen patients, get better outcome
— Planned clinical trials with drugs
Hsu et al. 2007

Cell Lines



FORENSIC BIOINFORMATICS AND REPRODUCIBLE
RESEARCH IN HIGH-THROUGHPUT BIOLOGY

“Data rprocessing, however, is often not described well enough to
or exact reproduction of the resuls,

allow

Thanks: Malachi Griffith Baggerly and Coombes 2009



Individuals

Digging revealed: [ ﬂﬂW MF

Instances of repeated
sampled data

Only 84/122 test samples [RE— i
were distinct : :

Some repeated samples
labeled both sensitive and
resistant

Row offset in data table . A -

Test Samples
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VOLUME 25 - NUMBER 28 - OCTOBER 1 2007

This article was reiracted on November 16, 2010

Pharmacogenomic Strategies Provide a Rational Approach
to the Treatment of Cisplatin-Resistant Patients With
Advanced Cancer




Can we reduce these type of publications?

* Work better as a community, check each others code

* As author, as supervisor, as reviewer, as Associate Editor, make
sure all studies you touch :
— Have all code and raw data open source
— Analyzed datasets open source
— Methods clearly described




THE TROUBLE WITH
1N, [

BY RICHARD VAN NOORDEN

A surge in withdrawn papers is highlighting
weaknesses in the system for handling them.




e PubMed notices

300 - Web of Science notices

—

Number of retraction notices

0 A —————— :»—— \___T_/!"“‘ T"I/ /l'!

1977 1981 1985 1989 1993 1997 2001 2005 2009

Other

Self-plagiarism

!

MISCONDUCT ‘

16% 1%

Fabrication
or falsification

The trouble with retractions: Nature News 2011




Cell Science

Impact Factor

® ) Exp Med
EMBO )

o PNAS. ® J Immunol

Retraction Index

“the frequency of retraction varies among journals and shows
a strong correlation with the journal impact factor”

Fang 2011 Infect. Immun.




 Website shows retraction

Pub 'Z]ed 0 PubMed

Advanced

US Nationa

Format: Abstract ~ Sendto ~

RETRACTED ARTICLE

See: Retraction Notice

J Clin Oncol. 2007 Oct 1;25(28):4350-7.
Pharmacogenomic strategies provide a rational approach to the treatment of cisplatin-resistant

patients with advanced cancer.

PG, Potti A.
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Keep community updated

Help kill zombie papers that keep getting cited when they
should not

Starting to get integrated into different websites for
automatic scans

Be sure you are never keeping zombies alive




K! Frances Arnold w9

@francesamold

For my first work-related tweet of 2020, | am totally bummed to
announce that we
enzymatic synthe
reproducible. scie

g } Prof. Lee Cronin @leecronin - Jan 2
N Replying to @francesarnold
First class. Sometimes things appear to work, then they don’t. Science should

DEEP‘S be a process, not winner takes all whatever the cost. Entrepreneurs are
encouraged to fail well, but in science it’s still taboo. | hope when | slip up I'm

VI SI‘ able to do it so openly & well.
QO 4 1] 18 QO 262

Rod opsins e
color vision in ¢ 1 more rer
fishes pp. 520

(D

(D

Lynn Kamerlin @kamerlinlab - Jan 2

- _} ~ .- Replying to @francesarnold
- Sorry about the problems, but kudos for doing the right thing, and setting a

Site-selective en good example.

sites. With approg

i Waheed Ahmed @WaheedURAhmed1 - Jan 3
Honesty is so important and unfortunately, pretty underrated. Lots of respect
and admiration for your actions.




So ... there are lots of
errors out there ...

Much of this is scientific progress ... we are
not perfect, just doing what we can

Thus you must calibrate your expectations,
approaches, and stay humble




What is your personal error

rate?

| assume mine is 12%

therefore | perform many sanity and error checks
to catch errors the | KNOW | WILL MAKE



What other biases might we suffer from?

https://www.!a!y”lprints.com/colIections/monkeys—and—apes—black—and—white/chimpanzee




We're basically a rather lost, self
domesticated chimp

We're very likely to :
* see patterns when none exist

» think we can predict the future, cause we think we know how
things work ... like:

— gravity, your car, sunsefs
— weather, the stock market, Covid ...
— the central dogma




Hindsight bias

the knew-it-all-along effect




Three Levels of Hindsight Bias

I KNEW
that would happen

Predictability




The central dogma

DNA RNA Protein
transcription translation
— —
*
Q replication % reverse
transcription
What about:

« Gene expression level from noncoding region?

*  When and where a gene will be expressed from noncoding region?
« RNAto 2° structure?

* Amino acids to enzyme structure?

« Function based upon enzyme structure?

« Write a protein to do a specific enzymatic task?



a Mouse

55%
— | Translation 2
n = : Lo ks © <
%) — a9 ‘*L'/"w’: :
E 8 o "_“ % 340/0_. S
O © o Transcription o
+— 2 Q N
v o 3 ot
E © —3' )
o) S o 9
[e) D9 8
- T C o
o c E >
= S =
@ 3 100- N=5028 =
% o= St o8y B R"_=0.41 6% —o -g
g 104 i | MRNA T ©
1 10 100 1,000 degradation 5% &0
mRNA abundance (log., molecules per cell) Protein g
degradation
C Yeast d
0.58
1.0 - l l
0.8 - oo sl

Protein <3 Protein <= Protein

£
.
e
Q n
28 =
2 [}
Co 06+ < O
X c O g
B < 0.4 = ‘..6 A
2‘5 Yeast Nematode n g
- ()]
— E 02+ mRNA <P mRNA <€ mRNA o °©
o5 c
o 0.36 0.22 tud
== g o
a=e 0.0 T T T (- E
0.1 1 10 100 1,000 037 B Q
. S
T (O

mRNA abundance (log., molecules per cell)



uOoI}BeI]Ud2UOD

<
o, c
3 o
O ©
—
m ~ =
2 - @
n o o C
e o
G o S
. )
o <
2
o
£
UOI}eljuadu0d uisloid
= G 'PUOCD
= {7 'PUOD
<
o <
5 ¢ £ "puoy
@ — =
Q
©
O —
= 0
- 2 - Z "PU0)
O @
o E
| | P




The Protein Folding Problem

https://gfycat.com/greenpertinent
komododragon

https://zhanglab.ccmb.med.umich.
edu/image/Protein_design.gif




* Deep learning of existing patterns due to extensive
observations

« Can predict most protein structures to high accuracy




But ... peptide sequence fo catalytic function ...

i

We don't know how to write that way”

B e e Quote :
| A J\i ﬁ : 0 O J
: -~ S ‘
- -
0",.‘_, d.




Protein

The central

transcription translation
— —

doama *

What about:
_ ] : s If Al can solve
Gene expression level from noncoding region? these. does that

» When and where a gene will be expressed from  1ean we
noncoding region? understand?

* RNA fo 2° structure? How limited to
data input will

» Amino acids to enzyme structure? colutions be?
* Function based upon enzyme structure? What about

. . ofe . - ?
» Write  profein fo do a specific enzymatic task? ~ "on-humans:




In sum, we think we how things work...

... but biology is exceptionally complex




In sum, we think we how things work...

... but biology is exceptionally complex

Three Levels of Hindsight Bias
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What about the genes we study?

Do we ever conduct “unbiased” investigations?

What if we looked at investigations by gene, over time

%)
e 1 . , . .

DNA, RNA, protein @ O -0 64 o 200
sequence § © pP=v. g 138
chemistry = e 2] | O

) S 50
12,948 well- it 2
genome-scale supported genes learning 8)
experiments = .
= 1
essentiality 0 g 9
e A O
expression d AN =
stability O y D @ ' . v
. &£ 0 1 2 3
M- ENNIon Observed log,, publications

Stoeger et al. 2018 Plos Biology



Each dot = one gene

SAMHD1

IDH1
| C9orf72 IF_NL3",:"D :

19° | enpes || |
,{IFNL4 | | .38

A~
e

—

—

0

No. of publications
2011-2015
S

p=0.84

-—d
Qo

No. of publications®
until 2010

» 30 percent of all genes have never been the focus of a scientific study

e less than 10 percent of genes are the subject of more than 90 percent
of published papers
* historical precedence drives what genes get detailed study

lts hard to get money to study genes with unknown functions ...
Stoeger et al. 2018 Plos Biology




So .. how do we avoid Apophenia?

» Non-random patterns are abundant in genome scale data

— We generally lack ability to calibrate our expectations
— Null models, controls are very difficult to get “right”

* Double check your data and analyses

— Plot your data, look at it, does it make sense on 1 principals?

» Test your hypotheses in independent ways

— Genomics: independent datasets, alternative analyses, other levels
« Separate collections, GWAS vs. K-mer GWAS, mRNA vs. profein

— Manipulation: functional validation via manipulation of genes, pathways
« Experimental evolution, CRISPR KOs, environmental perturbations







