Je.2 GENE EXPRESSION

Guiding Questions

How is gene expression changed in a cell?

How can patterns of gene expression be conserved through inheritance?
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Theme : Contmvuty + Change

What mechanisms are there for inhibition in biological systems?
Level of Organization.: Cells

In what ways does the environment stimulate diversification?
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HL LEARNING OUTCOMES

Gene expression as the mechanism by which informationin  Students should appreciate that the most common stages in this process are transcription, translation and the
genes has effects on the phenotype function of a protein product, such as an enzyme.
Regulation of transcription by proteins that bind to specific base

. Include the role of promoters, enhancers and transcription factors.
sequences in DNA

Control of the degradation of mRNA as a means of regulating In human cells, mRNA may persist for time periods from minutes up to days, before being broken down by
translation nucleases.
Epigenesis as the development of patterns of differentiation in  Emphasize that DNA base sequences are not altered by epigenetic changes, so phenotype but not genotype is
the cells of a multicellular organism altered.

Differences between the genome, transcriptome and proteome . L . - .
L No cell expresses all of its genes. The pattern of gene expression in a cell determines how it differentiates.
of individual cells
Methylation of cytosine in the DNA of a promoter represses transcription and therefore expression of the
gene downstream. Methylation of amino acids in histones can cause transcription to be repressed or
activated. Students are not required to know details of how this is achieved.

Limit to the possibility of phenotypic changes in a cell or organism being passed on to daughter cells or

offspring without changes in the nucleotide sequence of DNA. This can happen if epigenetic tags, such as DNA
methylation or histone modification, remain in place during mitosis or meiosis.

Methylation of the promoter and histones in nucleosomes as
examples of epigenetic tags

Epigenetic inheritance through heritable changes to gene
expression

Examples of environmental effects on gene expression in cells
and organisms
Consequences of removal of most but not all epigenetic tags  Students can show this by outlining the epigenetic origins of phenotypic differences in tigons and ligers (lion—
from the ovum and sperm tiger hybrids).
Monozygotic twin studies Limit to investigating the effects of the environment on gene expression.
Limit to one example of a hormone and one example of a biochemical such as lactose or tryptophan in
bacteria. Students do not need to know the names or mechanisms of lac operon and/or trp operon.

Include alteration of methyl tags on DNA in response to air pollution as an example.

External factors impacting the pattern of gene expression



D2.2.1 —Gene expression as the mechanism by which information in genes has effects on the phenotype

HL

Genome ° the complete genetic information. (DNA) in o cell. Includes DNA (codu'n3 +non-coa-‘n3) in nuelevs ond in organelles (mi{ochondnial and chloroplast). X identical in all cells of an organism

T?onicripl:ome - the (Vll set of RNA franscripts present in a cell at a given time. Includes mRNA, (RNA, tRNA % varies over time within and behween cells of an organism
Proteome : the Qll set of proteins made by a cell at a given time. Includes structural (ex:collagm) and. non-stiucfural proteins (ex: insulin) % varies over time within and behoeen cells of an organism

Gene expression : process by which information. encoded in & gene is vsed fo creale o functional product (usvally a. protein) —> gives rise fo phenotype - observable characteristics ; resolt of genotype acting through gene expression (and environment)

D2.2.2—Regulation of transcription by proteins that bind to specific base sequences in DNA D2.2.3—Control of the degradation of
MRNA as a means of regulating translation D2.2.5—Differences between the genome, transcriptome and proteome of individual cells

N
No cell expresses all of its genes. The selection
and f'reyumy of the genes that are transcribed

by a cell is impacted b} many factors.
The pattern of gene expression. in o cell delermines
how it Jifferestiates and its function

Gene. (DNA) > | pre-mRNA > | mature mRNA > Polypep{:idc > protein > | phenotype
transcription Post-franscripkional modiCication translation post- translotional modification Probcin function(s)
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can be altered /requleted by :

can be al’re(cd/rcsula}cr) by:
® mRNA degradation
(ex: length of poly-A tail ox mRNA li€espan )

can be altered /requieded by:
® protein modification
(ex: phosphor)«la tion ) @

Q Dl.2

® transceiption factors (ex: activabors, @pressors) andk non-coding sequences (ex: promoters, enhancers, silencers)

® cpu'acnetic l:a.35 (ex: DNA meﬂ\ylal:on and histone meﬁ\ylalion)*
® external factors (ex: hormones , biochemical such as lactose or Aryptophan )*

* explored in, following pages

® cnviconment (ex: air polluh'on can alter me-lhylalion) *
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Transcription factors (TF) : requlatory protting which control the rate of gene transcription by binding fo specific non-coding DNA sequences

\> General transcription factors help initiate transcription. They bind fo

the direckly upstream of a given gene. Once bound, they assist
RNA polymerase to bind, allowing transcription to be initiated (5'>3') db — ([
" enable o gene to be expressed and protein produced ot basal rate T« TUTVGT —> T TREGRLT
> Activators increase the rate of transcription. They bind fo an enhoncer sequence
J

(which may be nearby or thousands of nucleotides upstream /downsteam of a given gene ).
Once bound, fhg enhaace gene expression by (-'acih'ba&ing the assembly and bind:‘rg of the

....................................................................................................................................................................................................................................................

® protein deqradation by proteosomes

...........................................................................................................................................................

Regulation of translation by control of mRNA degradation @ protein synthesis D12

mRNA does not remain in cyloplasm indefinitely but is broken down by nuclease enzymes
- rate of degradetion Jefermines how lng mRNA persists and how much it is franslated /time

\S metore mRNA is protected Grom degrodakion by 5.0 — JAAAAAA.--3'

o mdky’a&t)-svanosine ‘cap’ ok the 6'end

ondh o poly-A tail ok the 3'end © O = "‘Aa
N nuclease enzymes first remove the poly-A tail, @ @ — :

then the 5’ cap, and: finally the mRNA is broken

down into RNA nucleotides for later ce-vse e — :
\S cate the mRNA is degraded. con be controlled by: §": c- Mye

® Jeagth of the poly-A tail added o the mRNA .

(longer tail = slower degradation = more protein produccd,) 2 . .
® resula{:ory Scquences (ex: AU rich elements in 3' UTR) O\E _
| 1omin Ihe lday  luk

bind proteins that speeds vp or slows down degradoiion,

X the rabe of degradation ic highly variable (minutes 3o c)a.ys), set by the mRNA sequence

senera.l TFs and RNA polymecase ot the or fecruit proteins which loosen the chiomatin
at the »making it more accessible .- increase the production of o given protein ALY A Y AT
AN Reprssors' deccease the rate of transcription. They bind fo o silencer sequence

(which may be neacby or thousands of nucleokides upstream /downsteam of a given gene ).

Once bound,, they silence gene expression by inhibiting the assembly and binding of L Q

3enera.l TFs and RNA polymecase ot the or rectuit probeins which condense the chiomatin O D X
.\ decease the production of o given protein O ‘A
GRGVGT

at the »making it less accessible

and cell needs ex: c-Myc mRNA has o half-1ife of ZOmin vs B-globin mRNA lbh



D2.2.4—Epigenesis as the development of patterns of differentiation in the cells of a multicellular organism D2.2.6 —Methylation
HL of the promoter and histones in nucleosomes as examples of epigenetic tags. D2.2.7 —Epigenetic inheritance through heritable
changes to gene expression. D2.2.9—Consequences of removal of most but not all epigenetic tags from the ovum and sperm.

epiﬂmd.ics : changes in gene expression that o not iavolve change to the DNA nucleotide base sequence €. some denol'ypn different phcnol:ype. Like mutotions, these can be heritable but unlike mutations, may be reversible
> fhese changes in gene expression are controlled by epigenebic tags : chemicals (sweh as methyl, 'C”a) which bind fo DNA or histanes —>  Epigenome : complete set of epigenebic tags in a cell or organism at a given time

> Epigenesis * the development of patterns of differentiation in the cells of o multicellvlar organism - Thiough epigeactic mooification., cells with identical
genome can Jisplay Jifferential gene expression and speciolize. Allows undifferentiated zygobs to Jevelop into a complex multicellvlar organipm

&ul&ﬁm of 'ITM&CI'QHOE. h_x egige,nebic tags @ DI.3 Mutation

The addition of removal of epigenebic tags fo either DNA or histones can alter how casily RNA polymerase can binc to andl franseribe a pacticolar gene effeckively switching a gene GI) or *extra content
¥*

> DNA methylation” : the addition of methyl (=CHy) grovps fo the DNA base \> Histone methylation, ° the addition of methyl (-chy) groops 1o the amino acids of histone 'tails’ \> Histone acetylation : the addition of acetyl
sequence (fypically cyfosine) of the of a gene. Methyl groups in nucleosomes. Depending on which amino acid on the histone tail is methylated , the chromatin can: (cHyco-) grevps to the amino acids of histone
M transcription factors {rom binding and thus subsequent binding @ become more condensedk and thus inacessible o RNA polymerase .. gene expression repressed "tails’ in nucleosomes. Results in looser chromatin
of RNA polymerase . gene is not transcribed , gene expression fepressed or ® bewme moe loose and thus more acesible fo RNA polymarase .. gene expression promoted: and thos gene i more acessible fo RNA polymerase

0 <. gene expression promoted.
NH OD O O = >33 o >35>
2
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P X hedecochromatin, Hahﬂy-packed (condensect) chromatin ; genes here lacgely not expressed  euchromatin * Joosely - packed (Jecondensedt) chromadtin ; genes here lagely expressed

Epigenctic inheritance © the passing of epigenetic tags (on DNA and /or histones) from one cell o organism to daush{:er cells or o(-'(:'spn'nj - without changes to the DNA bage sequence

Cell > cell epi&_me&ic inhentance (m_i’cosis) &grgg_mmming (3ame.+e and zygote mea_l;{on) Pacent = offspring egigcneh‘c inhentance (meios-‘sl Cxamp!e of genomic .-m_e,;n\;;ﬂg in [,-3955 ancl 5,-3 ons
When a cell specializes, it oavmolates epigenebic tags @ First during meiosis and then shortly ofter ferkilization, [ A small proportion of epigenetic tags are not removed Genomic imprinting * o gene is expressedd. from only one parental
which Characterize their gene expression. When this most pre-cxisting epigeneic tags are cemoved from the | from the sperm /ovum duting reprogramming. Refained Copy. Sek by epigenchic. tags in the gameles that survive repragramming.
cell vndergoes DNA replication prioc o mitosis, tags DNA of the spum and ovum. @ This retoras the early togs stay in gametes through meiosis and fertilization. .
are cpied fo the new davghber strands .. daughter embryo fo a mostly undifferntiated ‘blank slate’ = allows for possible transgenenational epigenetic ® lions produce sperm with imprinted genes that promote geowih .
cells inherit tags and patten of gene expression = allows the embryo fo ® form new epigenebic inheribance where phenotypic changes in an lionesses produce ova with imprinted genes That epress growth S
— allows spec,-a_lized. cells to maintain JifPerentinbion (:aﬂs and differeatiate into all the new specialized organism are passedh on to their ‘N‘P“"ﬁ . afouth promobion and represian cancel each other out }o “"Spﬂ'ng some
(ie. ther 'idcnl;-'l-.y') duma growth cdls rtquirul dun'nj embryonic development ex: in Agovti mice, on unmethylated agovti gene —> [ {;;3“5 do not imprint either growth genes Sizs as parents
> o 3w, but methylated => brown, healthy. Whea yellow mother fed
% § v methyl - rich diet in pregnancy, methyl tugs are added to agouti gene Liger = male lion + femole tiger | Tigon = male tiger + female lion
7 > ® ” :2\ 60, @ ® in oftspring —> pups brown, healthy despite identical DNA 1o her. ) is imprinted for 0 @ is mn—impcin&cd
% < k) duele I I uker genecuiions. gome offspring inberit these bogs = = ineased growth ond = BO o) is imprinked
= X >y 5 e c AU N Y & ic non-imprinted for reduced growth
DNA of Jifferentiated % ?é_’ ol ' ' — M R L ¥ >very large 1T - small i3
parunt ool ; " sperm/zygote blastooyst  inplantation  febus Fo o F Aate Natg: | Nty T onr offspring ™ & of€spring ‘ I
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D2.2.8 —Examples of environmental effects on gene expression in cells and organisms.

D2.2.10—Monozygotic twin studies. D2.2.11 —External factors impacting the pattern of gene expression

Gene expression can be regulated. ancl impacted by external factors ie. envitonmental or bodily signals ex: hormones. biochemicals, pollutonts, diet, etc.

> hormone * chemical messenger ( Signalling molecole) that is sccreted by an endocrine gland (or specialized cell) into the bloodgheam whee it is tanspocted around the oganism.
Hormones bind to specific receptors in order o induce a fesponse. The hommone's mechanism of ockion is depeadeat on its chemicol properties:

® Hy:)rophobic hormones ((:ypicdly sheroids) 'fmly pass into target cells and bind fo a specific intracellvlar receptor.

The (eceptor-hormone complex binds o DNA ak o specific region , acking os o. tanscription factor o alber gene expression

ex: Oestradiol pomotes gene expression of signalling

proh:ins whidv induces a Surge in GnRH secretion

> ((:ypiw.lly peptides / Probains) bind o fransmembrane receptors on target cells.

The binding ackivakes intacellular secend messengers which via. signal transduckion can alber gene expression

bind to receptors on mommary

e T L

ex:
\ _ gland cells. This initiates o sianal cascade
ex Proseal-erone promotes gene expression of  defails in &D - @ (9 (') (-) — which ultimately promotes gene expression
genes for cell 3r0u§h in endometrial cells @c

S the concentration of cerkuin biochemicals (l'n the environment or the u,ll) can impacf gene expression as o means of metabolic regulation —Swik.hl'rﬂ gones on/off to match the cell's needs. Both examples occur in the bacterivm €. cols .

® lactose (a sugar) is a fo0d source, bot E.coli musk produce lagkose- digesting cnzymes STt ot [zl
to vhilize it metabolically. The necessary genes are clustered together (the lac operon.)  genes for lactoss metabolism —]

lactose. absent, s, Jactoss mefobolism _,

entymes not made | lactose present s lactose metobolism __ lactose enzymes
a$ none needed, P T ROT break it down

.. the mechanism is inducible - substance (lactose) switches its breakdown genes ON - made only when neededk

for milk proteins (ex: casein)

bt '|’ryp¥ophm (amino acid.) Can be made by €.clli using Tryptophan.- synthesizing cazymes

WPW|W-E| ipc [ #pB | #pA
to Ukilize. it metabolically. The necessary genes are cluskered together (the trp operon)

genes for tryptophon metabolism i

Trpobsent _5 Trp mebobolism _

Trp enzymes Trp presest 5 Trp metobolism  __5 enzymes not made
Synthesize it e ©o Y @ orr Vi as none needed,

". mechanism i repressible = produch (+ryptophan) switches ifs synthesis genes OFF - stopped when not needecl

Exposure to air pollubion. con alter gene expression by altering methyl fags on DNA

PM 0, PAH NO
S Pacticvlate matber, ozone, nitrogen oxides, polycydic aromatic hydrocarbons - PAH \/
can alter the ackivity of the enzyme DNMT (DNA methylansberase) which @ o
alters DNA mdhylaln'on .. paktern of gene expression is impac'}ed' | A
~ iy Chy
> general, methylation. is decreased. across the genome (atthough some oreas ¥

increase), Specifically in immonoregulatory genes. This leads fo an increase in A
inflammation and altered immune response which can result in cardiopulmonary

complical-ions such as hiah blood. pressure and. asthma..

Vil SV @ orr Vil
!
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\> These Changes are (eversible (unlike & mutation). A diet rich in methyl donors (ex: folate , B,z,cholina) Supperts normol
methylation , and lifestyle factors (ex: exercise) can also influence it.

> Air pollvtion in men can also alter methylation in DNA
(ex: imprinted. 1GFZR growth 3"")' Stdy found that men
exposed, 1o aic pollution had offspring with lower birthweights.
. environmental effech on parcat can be inherted

Monozygotic (MZ/*idenbical”) twins Borm when an carly embryo
splits into two, (:ormins natural genctic clones with identical genomes

> As ML twins share the same genome, any differences in their phenotype (or disease susap&ibsl.'t_y) most be cavsed by the
enviconment (via episenebics) and not their genes .. MZ twins are the ideal " natural expefimnt“ to sepacate the
effects of genes (nature) feom the enviconment (nurture) as the genotype is controlled

\> MZ tuin shudies identiy Differentially Methylated Regions (DMR) behveen the o twins - fegions in DNA where methylation
levels Jiffer between them - as these epigwnetic differences (and gene expression) can only be due to diffecences in their environment

® Frago etal. 2005 stuied 40 poirs of MZ Hwins, aged. 3-74. e e i i
For cach, pair they compared. the fwo siblings' epigenomes
(ex: DNA methylation and histone hss) 05 well as cnvironmental
0ifesences gathered feom lifestyle questionnaires

® Twins are epigenctically olmost identical early in life but older pairs
showed lage differences in epigenetic tags. Pairs who had lived
opart or had more Oiffereat lifestyles differed the most

number of DMR

~5

X other enviconmental Sackors (dick, temperatwe, stress, efe.) can also alter epigenome and gene expression

cpiscneéic oifferences accomulate over a lifetime becavse of
d-‘ﬂ-’en'ns enviconments rcs\)ll:ins in differences in gene expression

L

3-yeorold twin pair

B0-yearold twin pair
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