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Abstract: Keratin genes are subgroup of intermediate filament (IF) genes. Keratins
expressed in hair are called “hair keratins”. Comparison of keratin gene sequences and
structural organization has been done earlier but no study has been undertaken that compares
human hair keratin genes with orthologues in chimp, orangutan, macaque and platypus, with
specific references to simple sequence repeats (SSRs) or microsatellites. This study seeks
presence of SSRs in human hair keratin genes and compares their positions in orthologue
genes. Although the structural organization of keratin genes is largely conserved, as reported
in other studies; some human keratin genes show differences in the number of exons and the
lengths of exons/introns, when compared with the orthologues. The present study shows few
SSRs in human hair keratin genes, where only one repeat is found in exon of Type I keratin
gene KRT31, while additional repeats are present in introns. Some repeats are longer in the
human genes whereas some indicate reduction in length compared with orthologues. Many
repeats are present in regions that are known for intronic variations. This study revisits the
comparisons of structural organization of human hair keratin genes and compares them with
the orthologues. The SSRs found here could be useful for monitoring variations in human
hair keratin genes that may happen due to hypermutable nature of SSRs.
Keywords: Exon Length, Gene Structure, Hair Keratin Genes, Intron, Microsatellite(s),
Simple sequence repeat(s) (SSRs), Repeat Conservation.
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INTRODUCTION
Keratin genes and proteins have been identified as a subgroup of intermediate filaments (IF) genes and
proteins 1. The keratins expressed in hair are called “hard”, “trichocytic” or “hair” keratins. These differ from
other keratins in having higher amount of sulphur in the head and tail domains 2, 3 and cysteine residue
compared with epithelial keratins 3-6. In humans there are seventeen hair keratin genes encompassing eleven
Type I keratins and six Type II keratins 5-9. Though keratin genes of the same type are closely linked, Type I
and Type II are present on human chromosome 17q12-21 and 12q13, respectively 1, 2. Keratin genes have
similarity in sequences, exon/intron structure 8 and conserved elements in promoter region 10. Type I hair
keratin genes have six introns except hHa5 (KRT35) which has a seventh intron in the 3’ noncoding region
11, 12
. Type II hair keratin genes have nine exons and eight introns; the exon-intron boundaries are conserved.
The exception is hHb4 gene with nine introns which is in the 3’ noncoding region 12. Moreover, most introns
in Type II keratin genes begin with 5’ GT and end with 3’ AG nucleotide combination 13. Many disorders are
associated with mutations in human keratin genes 14-17. Mutations in Type II hair keratins that result in
disorders are reported but none so far in Type I keratins 2, 4, 9, 18. Perusal of literature indicates that presence of
simple sequence repeats (SSRs) in hair keratin genes in humans has not been investigated. Repeated units of
DNA nucleotides called SSRs or microsatellites are present in many prokaryotic and eukaryotic genomes.
These repeated units may consists of motifs ranging from 1-10 nucleotides 19-24. SSRs are considered
hypermutable sequences where mutations could be due to insertions, deletions of a motif or of a single
nucleotide in a motif 22, 25. Expansion or contraction of SSRs generally happens during DNA replication and
is frequent on the lagging strand 21, 26-29. SSR length mutations may modify genes 21, 30, 31 and or cause
disorders whether repeats are present in exons, introns or un-transcribed regions 23, 32-40. Triplet repeat
expansions can also lead to non-ATG (RAN) translation i.e. can initiate translation without ATG codon 41.
However, SSRs may have functional roles 23, 25, 30, 38, 42-45. Selection of microsatellites can affect linked gene
diversity 46, genome diversity 47, influence evolution 19, 30, 31, 38, 48, rate of evolution of sequences (gene) 49,
adaptability to changing environmental conditions 25, brain development and function 38 etc. SSRs can also
influence phenotype or behaviour at individual and interspecies level as seen in study on vasopressin avpr1a
gene in voles (Microtus), homologue in humans, bonobos (Pan paniscus) and chimp (Pan troglodytes) 30.
SSRs may also influence facial phenotype as found in case of dog breeds 30, 50. Similarly, polydactyly in a
dog breed (Great Pyrenees) is associated with a hexanucleotide repeat reduction in Alx-4 gene 30, 50. The
present study examines SSR type, length, CG/GC richness and positions in human hair keratin Type I and
Type II genes. Further, we compare the positions of SSRs in human hair keratin genes with those of chimp,
orangutan, macaque and platypus orthologue sequences (if present) to seek conservation of human SSRs.
The SSRs found in the present study could be useful for further research for monitoring variations in human
hair keratin genes that may happen due to hypermutable nature of SSRs. The present study also revisits
comparison of structural organization of human hair keratin genes with those of orthologues in chimp,
orangutan, macaque and platypus.
MATERIALS AND METHODS
Obtaining keratin gene IDs: Human (Homo sapiens) hair keratin gene HGNC (HUGO Gene Nomenclature
Committee) IDs were obtained from NCBI database (https://www.ncbi.nlm.nih.gov/gene/). These IDs were
submitted to Ensemble genome database version 75 51, 52 (http://www.ensembl.org) to obtain Ensemble gene
IDs and features like chromosome number, strand, GC%, gene length, transcript numbers etc. associated with
each gene.
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Obtaining gene sequences: Ensemble gene IDs of human hair keratin genes were used for obtaining
unspliced gene sequences from Ensemble genome database 75 51, 52.
Repeat search: Human hair keratin genes were processed for SSR search by using SciRoKo software 53.
Default parameters were used for repeat search, except for choosing mismatched fixed penalty mode and
upper boundary of motif length was set at six. Search outputs were analysed on basis of motifs, lengths, CG
richness and position in the gene sequences.
Repeat densities in gene sequences and exons/introns: Repeat density per KBp (Kilo Base pairs) in each
gene was determined by dividing total number of repeats with gene length for each hair keratin gene.
Presence of repeats in introns and exons was determined on basis of co-ordinates of exons for each hair
keratin gene obtained from Ensembl 75 51, 52. Repeat density per KBp in exons and introns was determined
by dividing total repeat numbers with total exon and intron lengths respectively for each gene.
SSR length and CG richness: Length of each SSR was measured based on number of nucleotides between
repeat start and repeat end positions in each gene as per SciRoKo output. For SSR CG richness (percentage),
total numbers of occurrences of C/G in each SSR unit were considered.
Conservation of repeats: Multiple aligned sequences [EPO (Enredo, Pecan, Ortheus)] of human hair keratin
genes with orthologue gene sequences in chimp (Pan troglodytes), orangutan (Pongo abelii), macaque
(Macaca mulatta) and Pecan aligned sequences of platypus (Ornithorhynchus anatinus) were obtained from
Ensembl 75 51, 52, 54, 55. Human repeats and their positions were compared with the aligned sequences of
orthologues. Repeats found in the orthologue sequences in the same position as those found in the human
hair keratin gene sequences were considered conserved. Total number of such repeats from each orthologue
sequence was taken for calculation of percentage of conserved repeats out of total human repeats. Similarly,
repeat types and motif conservation percentage was calculated.
Statistical analysis and representation of data: Pearson’s correlation analysis at 99% and 95% confidence
was done with help of SPSS (statistical analysis software) to assess correlation between gene sequence length
and CG% with repeat density, CG% and length of repeats. Heat maps were generated for representation of
repeat density and conservation values by using Matrix2png 56.
Comparison of gene structure: Human hair keratin gene sequences aligned with orthologue sequences
obtained from Ensembl version 75 were used for comparisons. Exons and introns in each human keratin gene
sequence were compared with exons and introns in respective orthologue sequences from chimp, macaque,
orangutan and platypus. These positions and conservation of sequences were confirmed from exon coordinates, exon ranks and the markings obtained from Ensembl 75 51, 52, 54, 55. Exon start and end co-ordinates
and exon rank in transcripts obtained for each human hair keratin gene and respective orthologues were also
used for calculating total number of exons for each gene and individual exon length, which were possible for
each transcript variant for respective gene. Each exon length for every exon rank for respective gene was
used for comparison of exon lengths of human genes with the orthologues. Equal to or less than 10nt
differences in lengths of exons were ignored.
RESULTS AND OBSERVATIONS
Repeats in gene sequences: Out of 17 hair keratin genes, 63.64% of Type I genes and 83.33% of Type II
genes have repeats. Four Type I keratin genes KRT33A, KRT35, KRT37 and KRT38 and one Type II
(KRT84) gene sequences do not have repeats.
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Repeat density is highest in KRT40 (0.8493/KBp) followed by KRT31 (0.5169/KBp) and KRT39
(0.4719/KBp). Among repeat types, KRT40 has highest density of di- and tetra-nucleotide repeats
(0.3185/KBp) (Figure 1).

Amongst different motifs found in hair keratin genes, mononucleotide repeat T (n) and tetranucleotide repeat
motif CTCC (n) (0.2585/KBp) have highest density present in KRT31 gene sequence (Figure 2). Pearson’s
correlation analysis reveals significant (P < 0.01) negative correlation between gene length and repeat
density. Repeat GC richness shows significant (P < 0.05) positive correlation with repeat length.

Repeats in exons and introns: Repeats are abundant in introns of hair keratin genes but present in exons of
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only one gene i.e. KRT31 (tetranucleotide repeat). Repeat density is highest in introns of KRT40
(1.1117/KBp) followed by KRT39 (0.6115/KBp) (Figure 3). In introns, mononucleotide (Tn) repeats are the
most abundant repeat types and present in KRT31 genes (0.4398/KBp). The other abundant repeat types in
introns are di- and tetra-nucleotide repeats (0.4169/KBp respectively) present in KRT40 Figure 4).

Repeat length: Longest repeat in human hair keratin gene sequences is a pentanucleotide motif AACCT
1015

J. Chem. Bio. Phy. Sci. Sec. B, August 2017 – October2017, Vol. 7, No. 4; 1011-1036, [DOI:10.24214/jcbps.B.7.4.101136.]

Few Simple …

Gharu and Trivedi.

(54nt) which is present in Type I KRT36 (Figure 5). This is followed by di- and tetra-nucleotide repeats in
Type II hair keratin genes KRT83 and KRT86, which are 45nt and 36nt long GT and ACAG motifs
respectively (Figure 6).

CG richness of repeats: In general, AT rich repeats are prevalent in keratin gene sequences. Therefore, most
repeats are not rich in CG content. Mononucleotide repeats and larger repeat motifs like hexa- and pentanucleotide repeats are CG poor (Figure 7). KRT32 and KRT85 are unique in having no repeat motif with
C/G nucleotide. Only two genes, namely KRT31 and KRT86 contain repeat motifs having >50% CG
richness. KRT36 and KRT34 repeat motifs have 40% and 20% C/G richness respectively.
Repeat conservation: Total repeat conservation is lowest in KRT86. Only 8.33% of the total repeats are in
the same position as those present in human sequences in orthologues of human KRT86 gene sequences in
chimp, macaque and platypus (Figure 8). Conservations of repeat motifs in hair keratin genes show
variations in orthologue sequences (Figure 9). However, repeat motifs CA, GCA, GCT, ATAA, TGTC,
AAACA and TGGTT are not conserved in hair keratin orthologues. Thus, these appear to be human-specific
repeat motifs.

1016

J. Chem. Bio. Phy. Sci. Sec. B, August 2017 – October2017, Vol. 7, No. 4; 1011-1036, [DOI:10.24214/jcbps.B.7.4.101136.]

Few Simple …

1017

Gharu and Trivedi.

J. Chem. Bio. Phy. Sci. Sec. B, August 2017 – October2017, Vol. 7, No. 4; 1011-1036, [DOI:10.24214/jcbps.B.7.4.101136.]

Few Simple …

Gharu and Trivedi.

SSR comparison: Human KRT31 aligned with orthologues show longer intronic repeat (III intron) in
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orangutan but shorter in chimp sequences (Figure 10). KRT32 (TTTAT)n repeat in intron VI is longer in
chimpanzee sequence. Human KRT34 intron VI (including the SSR) has no sequence similarity with any
orthologue. KRT36 pentanucleotide repeat (AACCT)n shows conservation in some regions but is shorter
compared with orangutan, and (T)n repeat is shorter compared with chimp sequence. Except for
mononucleotide repeat (T)n in intron I of human KRT39, other repeat types do not show conservation.

The regions that show similarity with human KRT40 exon 3 and introns II and III have human SSRs and
1019

J. Chem. Bio. Phy. Sci. Sec. B, August 2017 – October2017, Vol. 7, No. 4; 1011-1036, [DOI:10.24214/jcbps.B.7.4.101136.]

Few Simple …

Gharu and Trivedi.

repeat like regions (Figure 11a). Further, all nucleotides of repeat (ATAA)n (magenta highlight) in intron III
in human and chimp sequences show no differences, but the platypus sequence region corresponding to the
same repeat has no similarity. The (CA)n repeat (magenta highlight) is short in human sequence compared
with chimp sequence and orangutan repeat. The platypus sequence in this region has no similarity. Human
KRT40 exon 5 and introns IV, V, VI and VIII have repeats (magenta highlight) and regions that could be
repetitive in nature (green highlight) (Figure 11b).
Comparisons show that (TTTA)n repeat near exon 5 and within intron V is longer in the macaque sequence.
(CT)n repeat within intron V is longer in chimp and macaque genes and (T)n repeat within intron VIII is
longer in orangutan and absent in macaque genes. However, the (AAAC)n repeat within intron VI is longer
in the human gene (Figure 11b). Type II keratin gene KRT82 SSRs (magenta highlight) are nearly
conserved in the orthologues, except that they are longer in the macaque sequence (Figure 12). KRT85 SSR
is shorter than orangutan repeat and longer than macaque repeat in intron VII.
Human KRT86 Intron I (ab-initio X and XII) tetranucleotide repeat (ACAG)n is longer in the human gene
and the first mononucleotide repeat (T)n is partially (TA)n and partially (T)n in chimp and shorter in
orangutan sequences. Each nucleotide of pentanucleotide repeat (AAACA) is conserved but the second
mononucleotide repeat (T)n is longer in chimp and shorter in orangutan gene sequences (Figure 12).
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Some sequence regions in Type I hair keratin genes show tendency towards repetitive pattern (green
highlight) and can be marked for future investigation to monitor any alterations specifically in these regions
(Figure 13a and b). Human KRT33A intron II shows sequence region that could have either (T)n or (TTC)n
repeat in the orthologues. Thus, there is a reduction in repeat in human KRT33A intron II. A similar situation
of possible reduction in two repeats in human KRT33B intron II compared with orthologues is also seen
(Figure 13a and b). KRT39 sequence regions that show repetitive nature but are not SSR in intron I where
(TTNTTN)n is seen only in the chimpanzee sequence (marked yellow); and (T)n repeat (not present in
human) in area aligned region of exon 7 of human gene is seen only in the macaque sequence (marked
yellow). Type II hair keratin genes also have repeat-like regions that are shown in Figure 14. Human KRT86
Intron I (ab-initio X and XII) has some regions that could be repetitive in nature (green highlight).
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KERATIN GENES STRUCTURAL ORGANIZATION
Number of exons: Human hair keratin genes may have more than one transcript (Table-1a 2, 3, 6-9, 57-59 and b
2, 3, 8, 57-59
). Considering exon start-end co-ordinates and exon ranks in transcripts, total number of exons
calculated in human hair keratin genes and the respective orthologues comparisons show similarities and
exceptions. Number of exons are seven in Type I keratin genes, except eight in KRT35, KRT36 and KRT39
and nine exons in KRT40 genes. Human Type II hair keratin genes have nine exons, except eleven in KRT86
gene (Table-2 51, 52). However, ab-initio (not empirical) exon numbers along with empirical exons are
different, as these numbers are higher in some genes, evident from the marked up regions in sequences
obtained from Ensembl 75 (data not shown), from the ones listed in Table-2 51, 52. Human KRT39 has three
transcript variants (Table-1a 2, 3, 6-9, 57-59) and considering all variants, this gene has at least eight exons.
Human KRT40 has ten exons.
1023

J. Chem. Bio. Phy. Sci. Sec. B, August 2017 – October2017, Vol. 7, No. 4; 1011-1036, [DOI:10.24214/jcbps.B.7.4.101136.]

Few Simple …

Gharu and Trivedi.

Comparisons of human gene organizations with the chimp, orangutan and macaque orthologues show similar
number of exons in Type I and Type II gene orthologues (if present). Platypus gene has only six exons
compared with nine exons in all other KRT82. However, the ab-initio exons show a total of eleven exons in
human KRT82 (data not shown). The differences in exon numbers could be due to transcript variants.
Possibly because of at least four transcript variants, the human KRT86 ab-initio exon number is as high as 32
(data not shown) but the exons in graphical representation show 11 exons (data not shown).
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Orthologue sequence comparison and exon length (s): Though the exon numbers in each keratin gene
orthologue are similar, comparisons of exon lengths of human hair keratin genes with their orthologues
indicate differences in lengths in many orthologues (Tables-3 51, 52). KRT33B, KRT35, KRT83 do not have
longer exons in any orthologue compared with human exons. Though there are sequence similarities
indicated in the aligned sequence of human KRT34 gene with its orthologues, there is no structural similarity
except with the macaque gene. Macaque exons 1 and 7 have shorter lengths compared with respective human
exons (Table-3 51, 52). Human KRT40 has ten exons but the first three exons and introns have no orthologue
sequence in these regions (data not shown). No orthologue sequences of human KRT81 were available.
Similarities of human hair keratin genes with platypus orthologues are not significant. Most introns in hair
keratin genes begin with 5’ GT and end with 3’ AG nucleotide combination. The exceptions are introns I in
KRT36 (3’ ACC) and KRT37 (5’ CT), but possibly due to ab-initio exon else other marking. Similarly, IX
intron of KRT40 (5’ GC), III intron KRT81 (5’ GC), VI intron KRT85 (5’ GG), KRT86 many introns
including ab-initio do not have 5’ GT and 3’ AG pattern. KRT86 has CT nucleotide in 5’ of ab-initio introns
II, IV-IX, XI, XIV-XVIII, XX, XXI, XXX and XXXI. The other nucleotide types in 5’ are TC (III), GG
(XIII), TG (XXII) and GC (XXV). In the 3’ end the nucleotide types are GC (I, XIX), AC (III-IX, XII, XIVXVIII, XX, XXI, XXX), AT (X), GG XIII and TC (XXII and XXIX) (parenthesis have intron numbers).
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DISCUSSION
SSRs are found in most organism genomes where repeats are present in coding and non-coding regions; and
show differences in distribution, types, motifs, densities etc.21, 22, 29, 35, 60-63. The present study shows repeats in
70.59% hair keratin genes amongst which 63.64% are Type I genes and 83.33% genes are Type II genes. We
find significant negative correlation between gene lengths and repeat density, unlike the positive correlation
between repeats and genome size in mammals 22. This however, does not imply contradiction with reports on
genome size and repeat correlation, but indicates that repeat density may vary in different genes and may
show characteristic deviations in the keratin genes from the overall genome pattern. It is possible that the
human hair keratin genes have repeats for some functional reasons as studies have suggested importance of
repeats in different genes 19, 23, 25, 30, 31, 38, 42-49, 64. The present study shows few trinucleotide repeats; and
dinucleotide repeats are not as abundant as tetra- and mono-nucleotide repeats. This is consistent with
reported abundance of dinucleotide repeats but low frequency of trinucleotide repeats in human genome 22.
Except for mononucleotide repeat (T)n, most repeat motifs are not common amongst human hair keratin
genes, which is like the inconsistency of repeats types observed between insect orders 65.
Abundance of mononucleotide runs, especially in introns of mammalian genomes, is considered a nonrandom process 19 and perhaps, mononucleotide repeats in human hair keratin genes are due to such process.
Though mononucleotide repeats can be involved in gene regulation 44 and nucleosome positioning 45; such
functions are not known in human keratin genes having these repeats (KRT86, KRT82, KRT36, KRT39,
KRT40, KRT31). Comparison of human hair keratin genes with Neanderthal genes may shed light on the
hypothesis for fungal genomes which suggests presence of mononucleotide repeats in small genes as remains
of genes that contained repeats or platform for formation of new gene 35. Dinucleotide repeats like AT(n)
increase DNA flexibility as well as association with basic proteins, and thus may help in gene regulation and
chromatin dynamics 66. Such functions of repeats in hair keratin genes need investigation. Though
polymorphic sites in KRT32 and some hair keratin genes are not within or near SSRs, this indicates a
possibility of mutations in these genes as the propensity of microsatellites to mutate is higher compared to
other sequence regions especially in coding sequences 22, 67.
This suggestion gets support from the study on KRTHAP1 (human keratin pseudogene), where base
substation C/T in exon 4 resulted in TGA premature codon rendering the gene inactive, though the
counterpart in chimp is an active gene 68. Though Ha2 (KRT32) exons 6 and the intron 6 boundary have
polymorphic sites 69, no SSR is present in this exon. However, the intronic repeat TTTAT (n) found in the
present analysis is near region that is known for intronic variations as per Ensembl version 75.
Repeats in exons/introns: Though similar mechanisms operate in repeat expansion in coding and noncoding sequences 70, the intronic repeats have lower selection pressure compared with repeats in exons 23.
Few repeats in coding regions are perhaps to avoid possibility of frame-shift or other mutations that may
affect gene expression. Repeats in exons are possibly those that have functional roles 22, 23, 32, 71-74. Repeat
expansion in coding regions can alter protein function which can also result in new function 36. It is perhaps
due to these reasons that presence of SSRs in exons compared with introns is low in the present study, which
corroborates studies on different genes and genomes 22, 28, 62, 72, 75. Some trinucleotide repeats may add new
coding regions and affect size or add new functions to proteins 76. It is possibly due to this reason that triplet
and hexa repeats are present only in introns of the genes in the present study. Paradoxically, this is unlike
observations of abundance of tri- and hexa-nucleotide repeats in whole human genome 77. Thus, distributions
of tri- and hexa-nucleotide repeats appear to be gene specific and differ from distribution pattern seen in
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whole genome. Triplet repeat expansions can also lead to non-ATG (RAN) translation i.e. can initiate
translation without ATG codon 41. Therefore, even if repeats are present in introns, there is a possibility of
RAN translation. This may be the reason for presence of few repeats in human hair keratin genes. Further,
repeats are more frequent in newly formed introns compared with established introns and may play role in
evolution 78. In the present study, many repeats are present in or near regions mapped for intronic variations.
For example, mononucleotide repeat T(n) in intron of KRT31 and A(n) repeat in KRT82 lie in the region
where intronic variants have been found. Intronic variations can result in allele variations 79 and quantitative
trait variations 80. Possibly, SSRs may be one of the contributory agents for polymorphism, which may
include variations (if any) in expression of the hair keratin genes. Tough repeats may have functional roles,
SSRs instability can lead to disorders or interruption in gene functions or disease susceptibility 23, 32, 34, 40.
Even intronic repeat mutation can be one of the causes for disorders 20, 36, 81, 82 or affect promoter activation 40,
83
. It remains to be seen whether repeats found in the present study are susceptible for mutations that may
alter functions of genes. Since repeats are found in the introns of KRT81, KRT83 and KRT86 genes, SSR
mutations cannot be associated with point mutations that cause monilethrix and KRT85 mutations that
affects hair matrix as these mutations are in exons involving change in amino acid 2, 9, 84. It has been reported
that stabilized genes have lower mutation frequencies especially in introns compared with paralogues or
orthologues 78. Possibly, Type I keratin genes KRT33A, KRT35, KRT37 and KRT38 and Type II KRT84
gene have also become stable and thus have no SSRs. This suggestion gets support from reported higher
sequence stability of KRT33A compared with KRT31 and KRT33B where the latter two genes share closer
neighbourhood phylogenetic relationship 8, 85. However, this argument does not stand true in case of KRT35,
which is a closer neighbour of KRT32 protein 8, 85, but this gene does contain repeats. It is possible that the
differences in these genes are due to differences in non-keratin protein immediate interacting partners, or
different selection pressures acting on these genes.
Repeat CG richness: The present study does not show significant correlation between CG richness of gene
sequence and repeat CG richness. Further, the repeats do not have greater than 75% CG richness, which
agrees with other studies where the GC rich repeats are not abundant in genomes, particularly in coding
sequences 23, 48, 74, 86. Few C/G rich repeats in human keratin genes could be due to the propensity for
mutations 28, 74, 87-89 even though some mammalian genes have higher ratio of C/G repeats of certain lengths
74
. Human KRT31 exon has a tetranucleotide repeat CTCC(n) which lies in the region that is known for
variation as per the Ensembl version 75. This indicates a possibility of this repeat affecting regulatory
functions in KRT31, as is found in case of other genes 23.
Repeat length: Longer repeats are polymorphic 27, have higher chances of mutations interrupting the length
65
, tend to have higher slippage rates 28 and are deleted in dividing cells 70. Since the hair keratin genes are
also expressed in actively dividing cells (the hair bulb), it is possibly due to this reason and propensity for
higher slippage rate, that most repeats are not long in the hair keratin genes. Shorter repeats in human hair
keratin genes compared with orthologues could be interpreted as a decay of repeats.
However, unlike studies on insect orders 65, this cannot be assumed to reflect the rate of evolution as some
repeats are longer in the human hair keratin genes (e.g. KRT86 tetranucleotide repeat) compared with
orthologues, which agrees with reported longer repeats in humans compared with chimpanzee 27. Repeat
length difference could indicate differences in mutation rates in different species and mutational bias toward
either repeat expansion or contraction. Thus, different mechanisms and pressures must be acting that result in
differences in repeats and their conservation in different organisms 65, and on different genes even though
they are involved largely in the same function in the same species like the present study.
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Conservation of Repeats: Conservation of SSRs in non-coding regions may indicate some functional
importance e.g., in gene regulation 25, selection or stability of genes 29 or facilitators of evolutionary
adaptations by providing adjustability 25. In light of these functions; lowest percentage of repeat conservation
despite presence of many SSRs in KRT86 gene in the present study indicates possibility of further
evolutionary alterations due to mutations in SSRs. KRT81, KRT83 and KRT86 differ in their repeat types
and densities notwithstanding their conservation in respective orthologues. The differences in repeat
conservation is despite close phylogenetic relationship of keratin Type II proteins KRT86, KRT81 and
KRT83 proteins 8, 85. Further, disparity in repeats found in these genes is intriguing despite their expression in
the same regions of hair and possibly dimerisation with similar Type I keratins 5, 6 (Table-1a 2, 3, 6-9, 57-59 and b
2, 3, 8, 57-59
). KRT39 and KRT40 show differences in repeat types and their conservation, where KRT39 has
less diversity of repeat motifs compared with KRT40.
Despite same evolutionary branching, these two genes do not have >60% sequence similarity with each other
and other members of Type I keratin; their expression patterns are different and form dimers with different
Type II genes 5, 6, 8 (Table-1a 2, 3, 6-9, 57-59 and b 2, 3, 8, 57-59). It would be interesting to investigate whether the
repeat differences in these genes have any contribution in either their evolutionary divergence, regulation of
expression and or association with respective Type II keratins. Comparisons of SSRs in human genes with
orthologues indicate that some SSRs may have same location but the motif may change in different species
25
. This is similar to findings in the present study where KRT86 human gene has (T)n mononucleotide repeat
but the orthologue in chimp has partial (TA)n and partial (T)n repeat in the same location as per the aligned
sequence (Figure 12). Repeats in regulatory regions like promoter sequences and their conservation also
indicates importance of repeats in gene regulation and possibly phenotypic variations in humans 45. Repeat
(CTCC)n in UTR of KRT31 gene in the present study and its conservation when compared with three
primates indicates a possibility of involvement of this repeat in regulatory functions. On the other hand,
conservation of repeats across different species may or may not have functional importance. Instead, SSRs
could be conserved due to their neutral mutations. Human specific repeats as found in the present study
indicate species and gene specific association of SSRs.
STRUCTURAL ORGANIZATION
Study of structural organization of exons/introns in cytoplasmic IF protein genes shows homologous position
of many introns; indicating common ancestry of lamins and IF proteins 13, 90. Variations and conservations of
introns in lamin genes indicate linage specificity 90. The present study shows similarity in structural
organization of human hair keratin genes of the same Type, but Type I and Type II genes are not similar.
This is in agreement with earlier studies on keratin genes that show similarity in sequences, exon/intron
structure including Type I hair keratin genes 8 and conserved elements in promoter region 10. Analyses of
introns in most eukaryotic genes also confirm conservation of positions of introns 13, 91-93. The present study
shows partial concurrence with the study that suggests higher intronic burden in evolutionarily conserved
genes 94. Nevertheless, KRT86 has highest number of exons (ab-initio) and thus highest number of introns
compared with other hair keratin genes and does not show conservation of many regions with orthologues.
This indicates a possibility of further variations in this gene in future. In concurrence with studies on
eukaryotic genes 95, the first exons/introns in most hair keratin genes show relatively higher conservation,
although there are length differences. For example, the first exons of many orthologues in chimp are longer.
On the other hand, orangutan orthologue shows longer first exon only in Type I keratin KRT40 but shorter
first exon in many Type II keratin genes.
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In case of KRT40, first three exons of all three primate orthologues do not show similar lengths. Though no
orthologue sequence alignments of KRT81 were available, the exon start-end co-ordinates of orthologues
indicate that only macaque gene first exon is similar with human exon length. Further, besides the first
exon/intron, there are differences in lengths of other exons/introns in orthologues of human hair keratin
genes. However, these differences could be also due to annotation differences 96. SSRs may have some role
in length differences at least in some exons/introns as some repeats in these regions show differences in
length compared with human repeats. However, the differences in exon/intron lengths and the role if any of
SSRs in these dissimilarities need further investigation. Further, conservation of exons/introns and repeats in
them in the present study suggest functional importance of at least some introns 91-93 and therefore of the
SSRs within them. Many human repeats correspond to same gene regions as those of the orthologues,
whereas some repeats are longer in human genes, others are shorter. This indicates the dynamic nature of
SSRs that are undergoing alterations in human genes compared with the orthologue genes. Because
conserved SSRs are possible indications of selection or stability of genes 29, conservation of many repeats
and no significant alteration in gene structure in the present study indicates common ancestry of these
repeats.
Repeats have also played role in exon-intron duplication especially in segmental duplication 31, 97. It is
possible that repeats in hair keratin genes could have contributed in evolution and divergence of these genes
from non-human primate genes and other mammals besides playing a role in structural organization. Repeats
may also play a role in primate specific and particularly human specific segmental duplication, enabling new
expression that may be tissue specific or facilitate new functions to the protein coding genes where they are
present. This may be achieved by elongation of repeats leading to longer amino acid repeats thus, modifying
the protein 97. Most introns in hair keratin genes begin with 5’ GT and end with 3’ AG nucleotide
combination which is similar to observations of study on keratin Type II gene 13.
However, there are some exceptions that could be due to ab-initio exon markings. Significance of this
finding remains elusive. SSRs in hair keratin genes need investigation to seek variations with reference to
human populations living in diverse climatic conditions. Though Neanderthal hair keratins have been
compared with human genes 98; a comparison based on SSRs has not been done. Such investigations may
help in further strengthening the hypothesis that SSR variability may help in adaptations under changing
environmental conditions with reference to expression of hair keratin genes. Disparities in repeats in similar
keratin genes yet conservation of repeats in many genes need further investigation from point of view of their
evolutionary divergence. This is pertinent when studies show that human hair keratin genes are amongst
genes undergoing positive selection and adaptive evolution.
These genes have higher allele frequency differences, which may affect long term adaptive changes in
response to changing environment conditions 99. Neanderthal keratin genes (including hair keratin) could
have helped humans adapt to non-African environment98. Analysis of SSRs in Neanderthal genes would help
in understanding the roles of SSRs (if any) in alterations in genes between Neanderthal and modern humans.
Alterations in gene structure or gene polymorphism could also have association with repeat conservation as
they could be involved in intron removal. Removal of intron would lead to alteration in gene structure and
function of the gene product 100.
CONCLUSION
Human hair keratin genes are amongst evolving genes under positive selection pressure
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these genes are possibly less dependent on hypermutable SSRs. This inference is based on the fact that many
human keratin genes analysed in the present study do not have repeats or have few repeats. Moreover, except
for one, all repeats are present in introns.
Any alterations in repeats in introns are less likely to affect gene functions compared with repeats in exons.
Conversely, many of these repeats are present in regions that are known for intronic variations. Thus, though
SSRs, which can cause alterations in genes and possibly lead to evolutionary changes, are not abundant, they
may play an important role. Only two hair keratin genes have >50% CG rich repeat motifs. Thus,
possibilities of mutations especially due to strand slippage that are higher in C/G rich sequences are less
likely in these genes. Platypus repeats show least conservation and chimpanzee repeats show highest
conservation, as expected. Conservation of many human repeats in the present study indicates possible
functional importance of these SSRs. Some repeats are human specific, as they do not show conservation
when compared with orthologues in the four mammals. These repeats may have possibly originated after the
divergence of human genes from ancestral mammalian genes. The structural organization of human hair
keratin genes is largely similar but Type I and Type II are not similar. Though there is a general similarity
and conservation of gene organization, some exons are either shorter or longer in the orthologues compared
to human exons/introns. SSRs may have some role in these length differences as some repeats in hair keratin
genes show differences in length compared with human repeats. The differences in exon/intron lengths and
the role if any of SSRs in these dissimilarities need further investigation. KRT86, which has many repeats,
also shows little similarity in structural organization. It is possible that at least in this gene, repeats are
involved in alterations in the gene architecture, which is the probable reason for deviation from the structural
organization of Type II hair keratin genes within human genome and with the orthologues. Platypus
orthologue sequences do not show significant similarity with human genes. It is possible that the human
specific repeats in hair keratin genes could have contributed in evolution and divergence of these genes from
the non-human primate genes and other mammals, besides playing a role in structural organization of these
genes. Analysis of SSRs in Neanderthal genes would help in understanding the roles of SSRs (if any) in
alterations in genes between Neanderthal and modern humans.
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