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At elevated temperatures, heat shock protein genes show altered
ratios of different RNAs and expression of new RNAs, including
several novel HSPB1 mRNAs encoding HSP27 protein isoforms
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Abstract. Heat shock proteins (HSP) serve as chaperones
to maintain the physiological conformation and function of
numerous cellular proteins when the ambient temperature is
increased. To determine how accurate the general assumption
that HSP gene expression is increased in febrile situations is,
the RNA levels of the HSF1 (heat shock transcription factor 1)
gene and certain HSP genes were determined in three cell
lines cultured at 37°C or 39°C for three days. At 39°C, the
expression of HSF1, HSPB1, HSP9OAA1 and HSP70A1L
genes demonstrated complex changes in the ratios of expres-
sion levels between different RNA variants of the same gene.
Several older versions of the RNAs of certain HSP genes that
have been replaced by a newer version in the National Center
for Biotechnology Information database were also detected,
indicating that the older versions are actually RNA variants of
these genes. The present study cloned four new RNA variants
of the HSP27-encoding HSPBI1 gene, which together encode
three short HSP27 peptides. Reanalysis of the proteomics data
from our previous studies also demonstrated that proteins
from certain HSP genes could be detected simultaneously at
multiple positions using SDS-PAGE, suggesting that these
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genes may engender multiple protein isoforms. These results
collectively suggested that, besides increasing their expres-
sion, certain HSP and associated genes also use alternative
transcription start sites to produce multiple RNA transcripts
and use alternative splicing of a transcript to produce multiple
mature RNAs, as important mechanisms for responding to an
increased ambient temperature in vitro.

Introduction

Heat shock proteins (HSPs) are encoded by a large family of
genes (1-3). The essential function of these proteins is to serve
as molecular chaperones that maintain numerous cellular
proteins in their normal three-dimensional structures, in
order to continue performing their normal functions when the
ambient temperature is increased (1-3). However, the majority
of heat shock proteins also have numerous other functions
and are often overexpressed in various situations of cellular
stress (1,2,4-7). For example, when normal cells evolve into
cancer cells, the expression of HSPs is often increased, which
is usually a mechanism by which cancer cells become resistant
to various therapies (5,7).

It is well known that the majority of genes in the human,
mouse or rat genome can be expressed as multiple protein
isoforms to suit a variety of developmental, physiological
or pathological situations (8-11). As we have previously
described (10-14), multiple mechanisms for the protein multi-
plicity exist, including alternative use of transcription start
sites to yield different RNA transcripts, alternative use of
splicing sites of the same RNA transcript to produce different
mRNA variants, and alternative use of different open reading
frames (ORFs) of the same mRNA for protein translation.
In our previous studies (12-14), proteins were fractionated
from several human cell lines using SDS-PAGE, proteins
were isolated at certain positions on the gels, and the isolated
proteins were identified using a routine liquid chromatography
with tandem mass spectrometry (LC-MS/MS) approach.
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Notably, it was found that proteins of numerous genes were not
supposed to be detected at these positions due to their theo-
retical molecular masses being either too large or too small
for them to appear at the SDS-PAGE positions. Furthermore,
proteins produced from the same genes could be simultane-
ously detected at two or more SDS-PAGE positions. These data
suggested that numerous genes may have additional protein
isoform(s) in addition to the wild-type (Wt) or the canonical
proteins (12-14).

To determine how HSP genes respond to heat stress in vitro
at the RNA level, the RNA expression of eight arbitrarily
selected HSP genes was detected in three human cell lines
cultured at 39°C for three days. This is a less febrile tempera-
ture, but severe enough for the majority of patients to decide
to see a doctor. As numerous HSP genes are transcriptionally
activated by the heat shock transcription factor 1 (HSF1)
protein (4,15), the RNA expression of the HSF1 gene was also
studied. As some of these genes have multiple RNA variants
listed in the National Center for Biotechnology Information
(NCBI) database, certain variants other than the Wt or the
canonical form were also studied. The results demonstrated
that the HSF1 and several HSP genes yielded multiple RNA
variants, some of which demonstrate changes in the expression
levels when compared with their counterparts at 37°C. A total
of four new mRNA variants of the HSP27-encoding HSPB1
gene that encode three short HSP27 isoforms were identi-
fied. Furthermore, reanalysis of certain previous proteomics
data also revealed that proteins of certain HSP genes may be
detected simultaneously at multiple positions on SDS-PAGE,
suggesting that these genes may express multiple protein
isoforms.

Materials and methods

Cell lines and cell culture for RNA analyses. The human
embryonic kidney (HEK) 293 cell line, the human cervical
cancer HeLa cell line and the non-small cell lung cancer H1650
cell line were obtained from the American Type Culture
Collection (ATCC). The cells were cultured in water-jacket
incubators at 5% CO, that were recalibrated regularly to
ensure accuracy. All three cell lines were cultured at 37°C or
39°C in a Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum. A thermometer was placed
in the incubator to monitor and guarantee the accuracy and
stability of the temperature. After 72 h of culture, the cells
reached 70-80% confluence and were harvested with TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.; cat. no. 15596-026)
for RNA isolation.

Reverse transcription-polymerase chain reaction (RT-PCR)
assay. Immediately after cells were lysed in TRIzol reagent,
total RNA samples were extracted from the lysates according
to the instructions for the TRIzol reagent. An aliquot of the
RNA was primed with random hexamers or a poly-dT primer
during reverse transcription to complementary DNA (cDNA)
using MMLV Reverse Transcriptase (Promega Corporation;
cat. no. M1705; www.promega.com) according to the reagent
manual. The cDNA was amplified using a PCR, in which the
cDNA template was melted at 95°C for 4 min, followed by
34-38 cycles of 95, 58 and 72°C with each step for 20 sec. Each

PCR was ended by a final extension at 72°C for 5 min. The
primers were all designed to be 20-mers with AT to GC ratios
around 1:1, which allowed the PCR conditions to be unified
for all target amplicons. However, the number of PCR cycles
needed to be optimized based on the general expression level
of each individual gene, so that the reaction was terminated
within the linear portion of the amplification. Each primer
pair used for PCR was determined in such a way that the two
primers were separated by one or more large introns to avoid
amplification of extant genomic DNA. All the PCR primers
used are listed in Table I. In most cases, forward (F) primers
were named by calculating the distance (number) from their
first nucleotide (nt) to the first nt of the RNA, whereas reverse
(R) primers were named by calculating the number of nts from
their last nt to the first nt of the RNA. This method of primer
naming usually allows for an easy calculation of the PCR
amplicon size by subtracting the F primer number from the R
primer number, but this calculation will be inaccurate in cases
where alternative splicing results in addition or deletion of
exon(s). For semi-quantification of the expression level, cDNA
loading was normalized using the HRPT1 gene.

Nested or semi-nested PCR for preliminary identification of
PCR amplicons. PCR products were routinely fractionated in
a 1% agarose gel that contained 1 ug/ml of ethidium bromide
to visualize DNA in the gel during electrophoresis. For those
RNAs that demonstrated a questionable or additional band
in the gel, a semi-nested or nested PCR was performed to
preliminarily determine whether the band was derived from
the target gene. For such a PCR, the template DNA was
obtained from the DNA band using one of the two methods we
described previously (16). In one method, a small blade used
for eye surgery was used to excise a small piece (1 mm?® or
smaller) of the agarose with the DNA, which was put directly
into a 20-p1 volume of PCR reagents as the template. The DNA
would be released from the gel during the first step of the PCR,
which was an incubation at 95°C for 4 min to melt the DNA, as
the agarose gel melts at a temperature of approximately 87°C.
In the second method, a blade was used to make an incision
in the gel immediately below the band in question, followed
by insertion of a small piece of Whatman filter paper into the
incision (Fig. 1). Electrophoresis was then continued for a few
more minutes until the DNA had entered into the filter paper.
The paper was then removed and placed into an Eppendorf
tube containing 25-30 ul of a 10-mT TE [Tris(hydroxymethyl)
aminomethane and Ethylene Diamine Tetraacetic Acid] buffer
(pH 7.4), followed by elution of the DNA by vortexing the
tube for a short time (16). A semi-nested or nested PCR was
performed using one or two inner primers and 1-2 ul of the
eluted DNA as the template. After the template DNA was
melted at 95°C for 4 min, PCR was allowed for 35 cycles of
95, 58 and 72°C with each step for 20 sec, followed by a 5-min
final extension at 72°C, as its purpose was to preliminarily
determine the identity, but not the expression level, of the
template DNA.

T-A cloning, DNA sequencing and sequence analyses. For
direct sequencing of a PCR amplicon, the desired DNA
band in the agarose gel was excised and purified using
a simple method previously described by us, which in
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Table I. HSF1 and HSP gene primers used.

Gene Primer name Sequence Primers/amplicon Detected®
HSF1 HSF1F574 5'-ACAGCGTCACCAAGCTGCTG-3" F574/R1312=739 bps NM_005526.2;
XM_005272315.1;
XM_005272316.1;
HSFI1R1312  5-TTGTCCAGGCAGGCTACGCT-3' XR_246618.2;
XM_005272317.1
HSF1IXM17R 5-TGGCTGGACTTGGCCATGCG-3' F574/RXM17R=642 bps XM_005272317.1
HSFIR1576  5-GTGTAGTGCACCAGCTGCTT-3' F574/R1576=824 bps; 1003 bp XR_246618.2;
NM_005526.2
HSF1XR26 5-TAGACATCTGTGGAGTGCGA-3"'  F574/XR26=586 bps XM_005272317.1
HSP90AA1 HSP90F459  5-AGGAAGCCCCTCTGAAGCCT-3' F459/R1232=774 bps NM_001017963.2;
XMO011536718.2
HSP90R1232  5'-GTCCTCACTGTGAATGATCC-3'
HSP9OVF97  5'-GTCGCTATATAAGGCAGGCG-3' VF97/R1232=614 bps NM_005348.3
HSPATA A1AF171 5-CTTCTCGCGGATCCAGTGTT-3' F171/R1104=934 bps NM_005345.5
ATAR1104 5-CAGGGAGTCGATCTCCAGGC-3'
HSPA1B A1BF146 5-CTTGTCGCGGATCCCGTCCG-3' F146/R1077=932 bps NM_005346 .4
A1BR1077 5-CAGGGAGTCGATCTCCAGGC-3'
HSPA6 HSP6AF280  5'-GTGCGGAAAGGTTCGCGAAA-3' F280/R1047=768 bps NM_002155.3
HSP6AR1047 5-GAACCGACACATCGAAGGTG-3'
HSPAIL A1L-F120 5-GCTGCGTAATCTGGACGTTT-3' F120/R899=780 bps NM_005527.3;
XM_005249070.2
A1L-R899 5-AGCCTGTTGTCAAAGTCCTC-3'
A1LV-F79 5-GTGCAGTTTGATATTGAGGG-3' VF79/R899=821 bps NM_005527.3;
XM_005249070.2
HSPB1 HSPBI1F19 5-CTCAAACGGGTCATTGCCAT-3' F19/R845=827 bps NM_001540.3
HSPBIR845 5-CAAAAGAACACACAGGTGGC-3'
HSPBIR313  5-AGTGTGCCGGATCTCCGAGA-3' usedin5'-RACE
HSPB1F43 5'-AGAGACCTCAAACACCGCCT-3" used in nested PCR new variants
HSPB1F70 5'-ATACCCGACTGGAGGAGCAT-3'
HSPB1R788  5'-ATCCGGGCTAAGGCTTTACT-3'

“Because the primers were designed and named years ago based on an earlier version of the RNA, the size of the amplicon and the number of
the RNA version may or may not be the same as the current version in the NCBI database.

DNA-containing
filter papers

P ~— DNA

Filter papers

Figure 1. A depiction of one of the methods for isolating a DNA fragment
from an agarose gel. A surgical blade was used to make an incision in the
gel immediately below the DNA band of interest, and then a small piece
of Whatman filter paper (the black dashed lines in lanes 1 and 2 in the left
panel) was inserted into the incision. Electrophoresis continues for a few
more minutes to allow the DNA to enter into the filter paper, while the DNA
in lane 3 serves as a control for further migration (the left panel). The DNA
collected in the paper is then eluted from the paper with a 1-mM or 10-mM
TE buffer (pH 7.4). M, molecular weight marker.

principle isolates DNA from an agarose gel by centrifuging
the DNA-containing gel slice at ~15,743.9 x g for 10 min at
room temperature (17). Following being isolated from the gel,

the DNA was precipitated with ethanol and then dissolved
with a small volume of water or a 1-mM or 10-mM TE buffer
(pH 7.4) to ensure a high concentration of the DNA, which
was sent to Genewiz, Inc. (www.genewiz.com) for direct
sequencing from both ends using the gene-specific primers
used for the PCR. If the data showed a mixture of different
sequences, the purified DNA would be cloned into a T-A
vector and then transfected into bacteria for amplification, as
described in our previous studies (18-21). The desired bacte-
rial clones resulting from the T-A cloning were selected using
the ‘dirty plasmid’ method described previously (22); plasmid
DNA was purified from each selected bacterial clone and was
sequenced. DNA sequences were analyzed using a ClustalW
software (https:/www.genome.jp/tools-bin/clustalw), NCBI
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and UCSC's
BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat). DNAStar 7.1
software (https:/www.dnastar.com) was used to identify the
start and stop codons, as well as the associated ORFs. Multiple
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sequence alignments were performed using the Mega-X
(https://megasoftware.net/) or ClustalW software and then
edited using the BioEditor 7.2 software (https://bioedit.soft-
ware.informer.com/7.2), followed by manual editing in a Word
document.

5'-RACE assay. A total RNA sample isolated from H1650
cells cultured at 37°C was used for 5'-RACE assays using a
FirstChoice RLM-RACE kit (cat. no. LSAM1700M; Ambion
Inc.) according to the manufacturer's protocols and as
described previously (18,23). HSP9OVF97 and HSPB1R313
were used as the reverse primers for the HSPOOAAI1 gene
and the HSPBI gene, respectively (Table I). Following frac-
tionation and visualization of the 5'-RACE products in a 1%
agarose gel, the band of interest was purified using the method
described earlier for the purpose of T-A cloning (17). The puri-
fied DNA was directly sequenced; if the sequencing quality
was unsatisfactory, the DNA would be cloned into a T-A vector
and the selected bacterial clones would then be sequenced as
described earlier.

SDS-PAGE and LC-MS/MS analyses. The proteomics
data presented in the present study were derived from two
previously reported studies, including detailed materials
and methods (13,14). The present study reanalyzed the raw
LC-MS/MS data from these studies. One study involved
HEK?293 cells and the metastatic breast cancer MDA-MB231
cell line (obtained directly from the MD Anderson Cancer
Center) (14). The other study involved MB231 cells and another
human breast cancer cell line, MCF7 (obtained directly from
the Michigan Cancer Foundation) (13).

In the two studies, cells were cultured at 37°C under the
same conditions as described earlier. Cells at ~80% confluence
were lysed using a buffer (24) containing 1x protease inhibitor
cocktail (Sigma-Aldrich; Merck KGaA) (13,14), followed by
centrifugation at 18,892.7 x g for 20 min at4°C. The supernatant
was collected as the protein sample and its concentration was
determined using bicinchoninic acid reagents (Pierce; Thermo
Fisher Scientific, Inc.). The proteins were diluted with a 5X
Western blotting loading buffer (250 mM Tris-HCl, 500 mM
DTT, 10% SDS, 2% 2-mercaptoethanol, 50% glycerol, and
0.5% bromophenol blue). After boiling for 4 min, the proteins
were loaded at 50 ug (14) or 70 ug (13) per lane into a 10%
SDS-PAGE gel that was 2-cm longer than other gels made using
ordinary mini-gel casting systems (13,14). Electrophoresis was
then performed to fractionate the proteins. In one study, gel
strips approximately 2-mm wide were excised at the 26-kDa
and 40-kDa positions, respectively, guided by pre-staining
protein markers loaded also into the gel (14,19). Similarly, in
another study gel strips were excised at the 72-kDa, 55-kDa
and 48-kDa positions (13). Inside the gel strips, the proteins
were dehydrated using acetonitrile (ACN), reduced, alkyl-
ated with 10 mM dithiothreitol and 55 mM iodoacetamide,
and then digested to peptides using trypsin. The peptides
were extracted with ACN containing 0.1% formic acid (FA),
and were then vacuum-dried. The peptides were dissolved in
0.1% FA, loaded into a nano RP column (5-ym Hypersil C18,
75 mm x 100 mm; Thermo Fisher Scientific, Inc.), and eluted
using ACN. Different eluted fractions were delivered into a
Q-Exactive mass spectrometer (Thermo Fisher Scientific, Inc.)
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Figure 2. Reverse transcription-polymerase chain reaction amplicons of
RNAs from HSF1 and several HSP genes visualized in agarose gels, with
the HPRT1 gene as a cDNA loading control. The arrow indicates the band of
excised and purified HSPBI for T-A cloning. Wt, wild-type; v or vl, variant
or variant 1.

as described previously (13,14). With the higher-energy colli-
sional dissociation (HCD) as the MS/MS acquisition method,
raw MS/MS data were converted into an MGF format using
Proteome Discoverer 1.2 (Thermo Fisher Scientific, Inc.).
With Mascot v2.3.01 (www.matrixscience.com), the MGF files
were matched to the human SwissProt database for protein
identification.

Results

Complicated changes in the ratios of expression levels
between RNA variants of HSP genes and HSFI at 39°C. As
shown in Fig. 2, RT-PCR detected the RNAs of the HSP9OABI,
HSP70A1A, HSP70A1B and HSP70A6 genes as a single band
at the anticipated molecular weights indicated in Table I.
However, one or more additional bands of the HSF1, HSPB1,
HSP90A A1 and HSP70AIL genes were also detected (Fig. 2).

The NCBI database currently lists 11 HSF1 RNAs. The
NM_005526.4 RNA is the only NM (normalized) sequence
that is designated herein as the Wt. Whether the remaining
10 RNAs really exist remains unknown, as they are either
XM (predicted mRNA) or XR (predicted non-coding RNA)
sequences. The primers used in the present study were
designed based on a previous version of the NM sequence
(NM_005526.2). RT-PCR using the primer pair F574/R1576
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HM_005348.2

NM_005348.3
MM_005348.1
MM_005348.4

GCAT GCGT AGGCGCGCGECOGCEECEECEECTGGGGAGE GT TCTTCCGGAAGGTTCGGGAGGCT TCTGGARAA AR GCGCCGCECGCTGGGCGGGCCCETCGCTATATA AG GCAGGCGCGEE

HM_005348.2
MM_005348.3
HM_005348.1

———————— CAGTTGCTTCAGCGTCCCGGTIGIGGCT G GCCGTTIGGTCCTIGTGCGGTCACTTAGCCARG
GETGECCCETCAGTTGCTTCAGCCTCCCGETCTGECT CT GCCCTTGETCCTCTGCGETCACTTAGCCARG
-------- CAGTTGCTITCAGCGTCCCGGTIGIGGCT GI GCCGTTGGICCIGTGCGGTCACTTAGCCAMG

MM_005348.4

————————— AGCTTGCTIICAGCCTCCCGETICIGGCT GT GCCGTTIGETCCTIGTIGCGGTICACTTAGCCANG

Figure 3. Alignment of the first exon shown in all four versions of the NM_005348 mRNA of the HSP90OAAL1 gene. This exon has 138 nts in version 3
(NM_005348.3), which has been confirmed by a 5'-RACE assay, but it had only 60 nts in the first and second versions and has only 59 nts in the current
version (NM_005348.4), due to the lack of the nt C (shaded) present in the three previous versions. The reverse transcription-PCR with the primer pair VF97
(underlined)/R1232 detected the band shown in Fig. 2; sequencing of the PCR product and a 5-RACE assay confirmed the existence of the VF97 sequence

therein. PCR, polymerase chain reaction; nt, nucleotide.

detected the Wt RNA, which was further confirmed by direct
sequencing of the PCR amplicon. Notably, this RNA exhibited
a markedly increased expression at 39°C only in H1650 cells,
while exhibiting a slight decrease in expression in HEK293
and Hela cells. With the primer pair F574/R1312 designed to
amplify several RNA variants, RT-PCR produced multiple
bands that likely included, besides possible artifacts, some of
the predicted RNAs or their alternative splicing variants that
are currently unknown. Notably, the responses of these PCR
amplicons to the increased temperature were quite different
from each another and from one cell line to another, and the
results were too complex to distinguish one amplicon from
another (Fig.2). RT-PCR using primer pair F574/XR26 resulted
in a single band, which was confirmed by direct sequencing
as XM_005272317.1 RNA (designated herein as variant 1).
This RNA showed different extents of decrease in the three
cell lines (Fig. 2). In all three cell lines, the HSP9OA A1 gene
demonstrated increased expression in its Wt form, while the
expression of its variant remained unchanged (Fig. 2).

The first exon of the current version (NM_005348.4) of
HSP90AA1 mRNA is much shorter than its counterpart in a
previous version (NM_005348.3), and lacks the sequence of
the primer, FV97 (Table I), which was designed several years
ago. However, RT-PCR using the primer pair VF97/R1232
yielded an amplicon whose size was anticipated based on the
NM_005348.3. Direct sequencing of this amplicon confirmed
that it contained the VF97 sequence, and the 5'-RACE results
further confirmed that its 5'-end matched with that of the
NM_005348.3 (Fig. 3). These data together indicated that
although the current version is also authentic and should be
designated as Wt RNA, the previous version remains as a
variant despite having been abandoned by NCBI.

Identification of four HSPBI RNA variants that encode
HSP27 protein isoforms. At present, only one RNA of the
HSPBI gene is listed in the NCBI database. Its current version
is NM_001540.5 (Fig. 4), which lacks the first 115 nts of a
previous version (NM_001540.3) that contains three of our
forward primers (F19, F43 and F70) designed a few years ago
(Table I). However, in the majority of the samples studied,
RT-PCR using the primer pair F19/R845 yielded not only the
anticipated band, but also an additional band below it, which
was ~400 base pairs smaller (Fig. 2). Compared with its
counterpart at 37°C, this smaller amplicon showed decreased
expression in HEK293 cells but increased expression in HeLa
and H1650 cells at 39°C. Below this smaller amplicon is
another weak and even smaller band in the HEK293 and HeLa

cells cultured at 37°C. Nested RT-PCRs with inner primer
pairs F43-R778 and F70-R778 (Table I) may continue to result
in these two smaller bands (data not shown), suggesting that
they may be unreported HSPB1 RNA variants.

The second band was excised from H1650 cells cultured
at 39°C from an agarose gel, the DNA was purified and it was
cloned into a T-A vector. Sequencing over 20 resultant plasmid
clones yielded five different HSPB1 RNA sequences, each of
which appeared in at least two clones, including the Wt RNA
and four previously unreported variants coined as 716A1-15
(MW881014), 716A1-16 (MW881015), 716A1-20 (MW881016)
and cloned sequence-1 (MW881017) (Fig. 5). These RT-PCR
and sequencing results involving F19, F43 and F70 primers
suggested that NM_01540.3 RNA is actually a variant of
HSPB1 RNA relative to NM_001540.5, and that the cloned
band is a mixture of different heterodimers formed between
these five HSPB1 RNAs. A 5-RACE assay using R313 as the
reverse primer also confirmed that the 5'-end of the HSPBI1
RNAs is identical to that of the NM_001540.3 sequence.
Furthermore, NM_01540.5 lacks the last four nts and the
poly-A tail encompassed by NM_01540.3, but the PCR using
cDNA samples primed by a poly-dT primer detected the Wt
form and the cloned band, which also supported the conclusion
that NM_01540.3 is an authentic RNA variant.

The four new HSPB1 RNA variants were lacking a part
of the middle region of the NM_01540.3 sequence (Fig. 4).
The 716A1-15 RNA has a deletion of 426 nts, including 211 nts
from exon 1, the whole 64-nt exon 2 and 151 nts from exon 3.
The 716A1-16 RNA has a deletion of 431 nts, including 293 nts
from exon 1, the whole 64-nt exon 2 and 74 nts from exon 3.
The 716A1-20 RNA has 404 nts deleted, including 377 nts from
exon 1 and 27 nts from exon 2, whereas the cloned sequence-1
has 459 nts deleted, including 436 nts from exon 1 and 23 nts
from exon 2.

The ORF encoding the Wt HSP27 protein in NM_001540.3
has two additional short ORFs encoding non-HSP27 peptides
(Figs. 5 and 6). Furthermore, there is an additional ORF that
begins with an ATG start codon at the 3'-end, but extends
beyond the stop codon of the ORF for the HSP27 (Fig. 5).
The peptide sequences encoded by these short ORFs are
shown in Fig. 6. NM_001540.5 lacks the first 115 nts and thus
lack the first short ORF (Fig. 5). All four novel RNAs lack
the canonical ATG for translation of the Wt HSP27 protein.
However, deletion of the middle region leads to the formation
of one or two new ORFs that encode new HSP27 isoforms
containing either the N- or C-terminal region of the HSP27
protein. The 716A1-15 and the cloned sequence-1 encode the
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14_001540.2 GCATGGEGAGEGE0GECOCT CARACG GETCA TTGCC ATTAR TAGAG ACCTC ARACA COGCC TECTA ARAAT ACCCGA CTGE AGGAG CATARA AGCG CAGCCE AGCCC AGCE COCCGC ACT
Tl6a1-15 GCATG A GEOEE COCT CARACG GETCATTGCCATTAR TAGAGACCTC ARACACCEOC TECTAARAAT ACCCCACTCE AGGAG CATAR R AGCE CAGCCG AGCCC AGCE COCCEC ACT
71621-16 GCATG GEEREE GE0G GOCCT CARRCG GETC ATTECC ATTAR TAGAG ACCTC ARACA CCGCC TECTA AAAAT ACCCGA CTGE AGGAG CATARR AECG CAGCCG AGCCC AGCG COCCGC ACT
71621-20 GCATG GGGAGE GE0G GOCCT CARRCG GETC ATTGCC ATTAA TAGAG ACCTC ARACA CCGOC TGCTA ARAAT ACCCGA CTGE AGGAG CATARR AGCG CAGCCG AGCOC AGCG COO0GC ACT
Sequence-1  GCATGGGGAGEGECGGOCCT CAAMOG GETC ATTGOC ATTAR TAGAG 2CCTC AR CA CCGCC TGCTA AARAT ACCCEACTOE A6 === mmm mmmm mmmmmn mmm e memn e e e
T I3 1T T il bt s S ilil i B e e i i R e .. ~GCACT
EM_001540.2 TTTCTGAGCAGRCGTCCAGRGCRAGAGTCAGC CAGCA TEACT GAGCG COECE TCOOC TTCTC GCTCC TEORE GEO0CC AGCT GEGAC COCTTC CGOG ACTGET ACCOG CATA GCOGCC TCT
Tleal-15 TTTCT GAGCAGACGT CCAGAGCAGAG TCAG CCAGCATGACC GAGLE COGLE TCOOC TTCTC GCTOC TEOGE GEC0CC AGCT GEGAC COCTTC OGOG ACTGET ACCCOG CATAGLOGCC TCT
T16al-16 TTTICT GAGCAGACCT CCAGAGCAGAG TCAG CCAGCATGACC GAGCE CORCE TCOCC TICTC T TECGEE GROCCC AGCT GEGAC COCTTC CROG ACTGET ACC - mmmm mmm e e e m e
71621-20 TTTCT GAGCAGACGT CCAGAGE

Sequence-1 ----- —— e e e e, . e S e S e . —————————

X _001540.5 TTICTGAGCAGACCTCCAGAGCAGAG TCAGC CAGCAIRACCEAGLE COGCE TCOCC TTCTC GCTCC TECGE GEOCCC AGCT GEGAC COCTTC CEOG ACTEET ACCCE CATA GCOGCC TCT

}4_001540.3 TCGACCAGEOCTICGGECTE 000G CTEC CEEAGE 2ETEE TOGCAGTGET TAGEC GECAG CAGCT GEOCA GECTAC 6TEC GOOCC CTEO0C COCG C0GCCA TCGAG AECC COGCAG TEE
71621-15 TCGACCAGECC TTOGE GCTG 000066 CTEOC GGAG6 AGTCE TOGCA GTCET TAGEE GECAG CAGCT GEOCAG- === === == === === o e e oo e mm m e mmmmm mm e e
T16AL-16  ==mmm e e e e e e e mmmes mmems s mme- e meee— -

T16a1-20 —————

Sequence=l = mmeeemseem——— — e e e e e B T P B S I T T ———

EM_001540.5 TOGACCAGEOCTTCGGECTECO00GE CTEC OGGAGE AGTEE TOGCAGTEET TAGEC GECAG CAGCT GECCA GECTACGTEC GOCCC CTEO0C COCG COGCCA TOGAG AGOC COGCAGTEE

M 001540.3 COEOECCCECCTACAGCOGCGOECTCAGOOEGCARC TCAGC AGCEE GETCT CEGAG ATCOCG GCACA CTEOG CACCEC TEEC GOETG TCCCTG GATG TCARCC ACTTC GOOC CEEACG AGT
71621-15 — ——

71621-16

TLEAL-20

Sequence~l =-=-- ——— e e e e . e e ——————————————————————————————— ———————
BM_001540.5 COGCGCOCECCTACAGCOGCGOGCTCAGOOGEGCAMC TCAGC AGCEE GETCT CGEAG ATOCG GCACA CTEOE GACCEC TEEC GOETE TCOCTG GATG TCARCC ACTTC GOCC OGEACG AGT
M _001540.3 TGACGETCAAGACCAAGEATGEOCTGCTGRAGATCACCGECARMGOA CCACEAGOGECAGGACCACCATEECTACATC TOCCGETEC TTCACG CGEA AATACA CCCT GCCCCCOGETE TG
716A1-15 ceeee - cesssccccsssccscanenans P eecsccssecscsssnnssnasnannnns
71621-16 S S S SO ——
TLEAL-B0 e ATGGCTACATC TOCCGETEC TTCACG CEGA AATACA CECTG OOCC COGETE TER
Sequence-1 ————— ———— memmmm e e G AGCATEEC TACATC TCCC GETEC TICACG CEGA AATACA CGCTG COCC COGETG TGS

KM _001540.5 TGACGETCAAGACCARGGAT GECETECTEEAGATCA COGEE ARCTA CEAGE ACOGE CAGEA CEAGT ATGEC TACATC TCCC GETEL TTCACG CEGA AATACA CGCT GCCCC COEETE TEE

¥M_001540.2 ACCCCACCCARGTTTCCTOCTOCCTE TCOCC TGAGE GCACA CTGACCETEE AGECC COCAT GOCCA AGCTA GOCACE CAGT CCARC GAGATC ACCATCCCAG TCACC TTCG AGTCGC GGG
TLBAL=LS cecccccccccccccccccc et cccccccccc e e ceccc ceece ceeee cecee cecee cee e cee ceeee ceeees ceee ceeee. ceeee ceee ceeee. e
716A1-16 ~CCATGOCCAA GCTA GOCACE CAGT CCAAC GAGATC ACCATCCCAG TCACC TTCG ACTCGC GGG
T16A1-20 ACCCCACCCAAGTTT CCTCC TCOCTG TOCC CTGAGG GCACA CTGAC CETEE AGGCOC COCAT GOCCAA GCTAGCCACG CAGT CCAACGAGATC ACCA TCCCAG TCACC TTCG AGTCRC GGG
Sequence-1  ACCCCACCCARGTTTCCTCC TOCCTE TCOC CTGAGE GCACA CTGAC CETEE AGECC COCAT GOCCAA GCTA GOCACE CAGT CCARC GAGATC ACCATCCCAG TCACC TTCG AGTCGC GGG
EM_001540.5 ACCOCACCCAAGTITTCCTCCTOOCTGTCOCC TEAGE GCACACTGACCGTGE AGEOCCOCAT GOCCA AGCTAGCCACG CAGT CCARC GAGATC ACCATCCOCAG TCACC TTCG AGTCGC GE0
EM_001540.2 COCAGCTTGEGEECCCAGRAGCTGCARRATCOGATG AGACT GOCGCCAAGTARAGC CTTAG CO0GE ATEOC CACCCC TECT GOCGC CACTEE CTGT GOCTCC COCEC CACC TETGTG TTC
716A1-15 ==emmececcee cceee «-RAGCTGCA ARATC CGATG AGACT GCOGC CARG, CTTAG COCGEE ATEOC CAOOCC TECT GCOGC CACTEE CTGT GOCTCC COCGL CACC TGTGTE TTC
T1621-16 COCAGCTTEEE GECCC AGRAGCTCCA RARTC CERATG AGACT GOCGC CARG T ARRGC CTTAG COCEE ATGCC CACCOC TECT GOCEC CACTGE CTET GCCTCC COCGC CACC TETGTG TIC
T16A1-20 CCCAGCTTGEG GEOC CAGAR GCTGECA AAAT CCGATG AGACT GCOGC CAAG T AAAGC CTTAG COCGE ATGOC CACCCC TECT GOCGC CACTEE CTET GCCTCC OOCEC CACC TETGTG TIC
Sequence-1  COCRGCTTGEGGECCCAGAAGCTGCA RARAT COGRTG AGACT GOCGC CARG T ARRGC CTTAG COCEE ATGCC CACCOC TECT GOCEC CACTEE CTET GCCTCC COCGC CACC TETGTG TIC
EM_001540.5 COCAGCTTGGEGEOCCAGRAGCTGCARAATCOGATGAGACT GOOGC CAAG T AAMCC CTTAG COCEE ATGOC CACCCC TECT GCCGEC CACTEE CTET GOCTCC CCCGC CACC TETGTC TTC
EM_001540.3 TTITTGATACATITATCTTCTGITITTCTCAAATAAAGTTCARAGCARCCACCTCGTCARARARAARAAAARAARD
T16A1-15 TITTGATACAT TTATCTTICT GTTTIT CTCAR ATARAGTTCA AAGCA ACCACCTCGTCAAARA RRARAARARAARD
T16A1-16 TITTGATACAT TTATCTICT GTTTIT CTCAARTARAGTTCAAAGCAACCACCTGTCAAARA ARARAARARAARA
T16A1-20 TTTIGATACAT TTAT CTTCT GTTTIT CTCA ARTAAA GTTCA ARGCA ACCACCTGTC AARAA ARRAR ARAAA ARD
Sequence-1 TTTTGATACATTITATCTICTGITIITCTCAAATAAAGTTCARAGCAACCACCTCTCARARARAARAAAAARARD
KM _001540.5 TTITGATACATITATCTICTGITITICICARATAAAGITCAARAGCAACCACConen cnnen cnnancnnnnana

Figure 4. Alignment of the four assembled new HSPB1 RNA variants with the NM_01540.3 and NM_01540.5 sequences. The four new sequences have been
assembled with sequences prior to F19 (confirmed with a 5'-RACE assay) and after R788 based on NM_01540.3. The ATG start codon and TAA stop codon of
the ORF encoding the Wt HSP27 protein are boldfaced, italicized and underlined with a wavy line. The 64-nt exon 2 of NM_001540.3 is underlined to separate
each exon. The deletion of part of exon 2 in the 716A1-20 and the cloned sequence-1 leads to the translation initiation of HSP27 from a downstream in-frame
ATG (shaded), engendering a peptide containing the last 37 AAs of the HSP27. Wt, wild-type.

same HSP27 isoform, whereas the 7161 A-16 encodes two
isoforms (Figs. 5 and 6). Furthermore, each of these four novel
RNAs encodes several other short ORFs, some of which also
appear in the NM_001540.3 RNA.

Detection of proteins from the same HSP genes at multiple
positions of SDS-PAGE. If HSP genes respond to increased
ambient temperatures primarily by changes in the ratios of
expression levels between different RNA variants (including
some new ones), they may express multiple protein isoforms.
Therefore, the proteomics data from two previous studies was
reanalyzed to determine whether certain HSP or associated
genes express multiple protein isoforms. In one study, proteins
from 12 HSP genes were detected in MB231 and MCF7 cells
at the 72-kDa position of SDS-PAGE (Table II), of which the
HSP90A A1, STIP1, SHPA8, HSP9OAB1, TRAPI and HSPH1
genes have multiple protein isoforms listed in the NCBI data-
base, with their numbers of amino acids (AAs) presented in
Table II. The largest and smallest isoforms of these proteins

range between approximately 98 kDa (HSP90AA1) and
53.5 kDa (HSPAS). However, it remains unknown whether the
largest or the smallest are truly expressed and detected because,
following excision from the SDS-PAGE gel at the indicated
position (72-kDa), our approach uses short peptide(s) to predict
the existence of the proteins. Notably, several detected genes
have only one protein form listed in the NCBI database, which
is too small to be detected at 72-kDa. For instance, the HSPD1
gene was detected, but NCBI demonstrates that its protein
has only 573 AAs (less than 61.1 kDa), indicating that either
HSPDI1 has an unidentified larger isoform or the canonical
protein has undergone substantial post-translational modifica-
tions that greatly hinder its migration in the SDS-PAGE, as
previously inferred (12-14).

The protein products of 9 to 13 HSP or associated genes
that were detected at 72-kDa were also detected at the 55-kDa
and/or 48-kDa positions in MB231 or MCF7 cells. Notably,
the majority of these genes have isoforms much larger than 55
or 48 kDa and were already detected at the 72-kDa position
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>NM 001540.3

@ECADICIG:IG:OIG\MMH GO T C OO CCTETGT G TCT TT TGAT ACATT TATCT TCTGT TT TTCTCARATAA ACTTCAR ACCAR CCACCTETC

>NM _001540.5

mmcmmmcecmmo:axmo:rcmmnm GAT. mnmcrrcrccucmoc

>201€071eAl-20

GCATGEGEAGEEECEGECCCT CARRCGECTCAT TGCCATTAAT AGAGACCT CAARC GOCGCCTGCT ARAAR TAC CCGAC TGGAGGAGCACARA RAGCCCAGOC GAGOC CAGOGC
O CRCTTTICTGAGCAF A TOC A AT G TACAT CT O G TECTT CAC COEGARART AC AOECT GOC CC COECT GTEEROCC CACCCARGTT TOCTCCTCCCTEIC
CCCT GRAGCECACACTEACCGTGERGGCOCC CATGC CCARGCT AGC CACGCACT CCARCGAGAT CACCATC OCA GT CARCCT TOGAGT CGOGGGCOCAGCTIGGEGECCCAGAR
CCTCCARRATOCGATGAGACTCOOCCCARC TR ARCCCTTAGCOOCGA TEC CC ACCCCTECTEC O OCACT GECTE TECCT COC CCGOCACCTCTCT GT TCT TTTGATACRTT
TATCTICTGTIT TTCTCARATARAGTT CAARGCARCCACCTGTCAARARARARARARARARA

>Cloned sequence-1

AT GECEACEE OO T A AR CCECTCAT TCCCATTART AR GR CCT CRAR AC ACC GCCTGCT ARR AR TAC CCGRCTC GG GRCCATEECT ACATCTOCOGGTIGCTICAC
CCCEARATACACECTEC CCOCCEET CT CRACC A CCCAAGT TTCCT CCT CC CTETCC CCTEA GECCACACTGAC CGT GEAGG COC CCAT GCC CAR GCTAGCCACCCAGICC
ARCGAGRTCACCAT COCAGTCACCT TCGRGTCCOGGECCCAGCTT GEEEEGCCCRAGARGCT GCCARR ATCOGATGAGACT CCOCCCRAACT ARA CCCTT AGCOCGEATGOCCRCC
CCTGCTGOCECCACTEECT GIGCCT CCOOCECCACCT GIGTGTICT T TIGATACATTT AT CTT CT GTT TT TCT CARRAT AR AGT TCARR GCARCCACCT GTCARARR AR ARA R
ARRRRRR

>201€071€R1-15
G AT CECCA T e O CR A A L e CTC AT TEC CATTA A T ACR CACCT CAR AC ACC GO CTGCTARR AR TAC COCACTC CRC CRE CATAR A COCCACOC GAGOCCRACOEC

CCGCCARCTARR CCCTT ACCCCCEA TCOCC ACCOC TCCTCOC COCAC TEECT GTCOCT CCOOCCCCRCCT GTCTCTICTT TTIGATACRTITATCTTCTGTT TITCT CARRTA

RAGTTCARAGCARCCACCTGICARARRRARRRARARRRARRARA

>201€071€R1-16
GCAT GEEEACEEECCECCCT CARM GEETCATTECCCATTA AT AGA GR CCT CAR RCACCGCCTGCT ARR AR TRC CCGACTGGAGGRGCATAR AR COGCAGCCGAGCCCAGDOEC

AAGTAAAGCCTITAGOOCGEATEGOOC ACOOC TECTEOCGOC AC TR CT GTE AT CCOOCGCCACCT GTG TG TTC TT ITGAT ACATT TATCTTCT GTT TT ICT CRARTARRCGTT

CAARGCARCCACCTGTCAARRAARARRARRRARARD

Figure 5. ORFs of NM_001540.3, NM_001540.5 and the four HSPB1 RNA variants cloned in the present study. Each ORF is shaded, underlined, or boldfaced
and italicized. The longest ORF in NM_001540.3 encodes the Wt HSP27 protein (the shaded 618 nts), which contains two short ORFs encoding non-HSP27
peptides. Two new variants we cloned (i.e. the 716A1-20 and cloned sequence-1) have the same ORFs. None of the four new variants encodes an ORF longer

than 200 nts. ORFs, open reading frames; Wt, wild-type; nt, nucleotide.

(Table II), implying that they are detected simultaneously
at two or three positions on SDS-PAGE. On the other hand,
proteins from the HSPE1 gene were also detected at the
55-kDa and 48-kDa positions, despite the fact that the gene
has only one protein of 102 AAs (10.9 kDa) listed in the NCBI
database (Table II).

In a separate experiment, proteins from 8-12 HSP or asso-
ciated genes were detected in MB231 and HEK293 cells at
the 40-kDa and/or 26-kDa positions. However, according to
the NCBI database, these proteins varied between 98-53.5 kDa
(Table II). The majority of these genes were also detected in
MB231 and MCF7 cells at the 72-kDa, 55-kDa and/or 48-kDa
positions in the aforementioned study (Table II). By contrast,
HSPEI, whose protein should be 10.9 kDa, was also detected
at the 26-kDa in HEK?293 cells.

Discussion

Although cells may behave differently in vitro compared
with in vivo, it was worth noting that at 39°C, the Wt forms of
the majority of the genes studied did not show a pronounced
increase at the RNA level. Furthermore, even the Wt mRNA

of the HSF1 gene, whose protein is the master transactivator
of the majority of HSP genes, did not demonstrate a universal
rise. Associated with these findings were complex changes in
the ratios of expression levels between different RNA variants
of HSF1 and several HSP genes. These results collectively
suggested that regulation of alternative transcriptional initia-
tion to generate different RNA transcripts and regulation of
alternative splicing to convert the same transcripts into
different mature RNA variants are two important mechanisms
by which cells adapt to increased ambient temperatures.
These mechanisms collectively lead to complex changes in
the ratios of expression levels between different RNA vari-
ants of the same gene, including certain new ones that may
not be expressed under physiological conditions. Given that
HSPs have versatile functions, these mechanisms may confer
onto cells tactics to promptly adapt to a sudden increase in
ambient temperature and other microenvironmental changes
under hostile conditions. These RNA changes, as well as other
molecular mechanisms that are not discussed herein, render
cells more flexible in dealing with stressful situations.

Over recent decades, NCBI has updated its database by
deleting the part of an RNA sequence that houses our RT-PCR
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NM 001540.3:
1. MGRGGPQTGHCH.

2. MTERRVPFSLLRGPSWDPFRDWYPHSRLFDQAFGLPRLPEEWSQWLGGSSWPGYVRPLPPAAIESPAVAAPAYSRALSRQLSSGVSEIRHTAD
RWRVSLDVNHFAPDELTVKTKDGVVEITGKHEERQDEHGYISRCFTRKYTLPPGVDPTQVSSSLSPEGTLTVERAPMPKLATQSNEITIPVTFE
SRAQLGGPEARKSDETARK. (full-length HSP27 protein)

3. MSTTSPRTS.

4. MAWWRSPASTRSGRTSMATSPGASRGNTRCPPVWTPPKFPPPCPLRAH.

5. MRLPPSKALARMPTPAAATGCASPATCVEF.

NM_00154.5:

1. MTERRVPFSLLRGPSWDPFRDWYPHSRLFDQAFGLPRLPEEWSQWLGGSSWPGYVRPLPPRAIESPAVARPRYSRALSRQLSSGVSEIRHTAD
RWRVSLDVNHFAPDELTVKTKDGVVEITGKHEERQDEHGY ISRCFTRKYTLPPGVDPTQVSSSLSPEGTLTVEAPMPKLATQSNEITIPVTFE
SRAQLGGPERBKSDETABK. (full-length HSP27 protein)

MSTTSPRTS.

2.
3. MAWWRSPASTRSGRTSMATSPGASRGNTRCPPVWTPPKFPPPCPLRAH.
*

MRLPPSKALRRMPTPRARATGCASPATCVEF.

716A1-20 and cloned sequence-1l:
1. MGRGGPQTGHCH.
MATSPGASRGNTRCPPVWIPPKFPPPCPLRAH.

o
3. MPKLATQSNEITIPVTFESRAQLGGPEAAKSDETARK.
4. MRLPPSKALARMPTPARATGCASPATCVEF.

716A1-15:
1 L MGRGGPQTGHCH.

2. MTERRVPFSLLRGPSWDPFRDWYPHSRLFDQAFGLPRLPEEWSQWLGGSSWPEARKSDETARK.

the N-terminus of HSP27)
3. MRLPPSKALARMPTPRAATGCASPATCVEF.

716Al1-16:
1. MGRGGPQTGHCH.

(the last 37 RAs of HSP27)

(The first 51 AAs belong to

2. MTERRVPFSLLRGPSWDPFRDWYPHAQASHAVQRDHHPSHLRVAGPAWGPRSCKIR. (The first 25 AAs belong to the N-

terminus of HSP27)
3. MRLPPSKALARMPTPRAATGCASPATCVFEF.

Figure 6. Translation of ORFs in NM_001540.3, NM_001540.5, and the four new RNA variants cloned in the present study. The shaded sequences are identical
to the N- or C-terminal part of the Wt HSP27 protein. ORFs, open reading frames; Wt, wild-type.

primers, despite the existence of the missing part being
confirmed by nested RT-PCR and/or sequencing of the RT-PCR
amplicons, including in the cases of HSP9OAA1 and HSPB1
shown in the present study. A suggestion is made to our RNA
research peers that numerous older versions of RNA sequences
may be expressed in certain situations and thus should be
regarded as RNA variants. Since these earlier versions may still
be retrieved from NCBI in the majority of cases, it is strongly
recommended that these earlier versions should be retrieved
and consulted when studying RNA sequences.

In the realm of RNA research, certain studies consider
arbitrarily those RNAs with their largest ORF shorter than
100 codons or 300 nts as long non-coding RNAs (25-29),
while other studies define long non-coding RNAs more strin-
gently with 200 nts as the arbitrary cut-off (30-32). The present
study (8,10,33), along with many others (34,35), argue against
these existing definitions as numerous studies have demon-
strated that very short peptides [as short as 11 AAs encoded
by only 33 nts (36-39)] have important functions. Therefore,
numerous RNAs, including virtually all mRNAs, may func-
tion through translation into proteins or short peptides and
through one of the several known non-coding mechanisms
(including miRNA or siRNA mechanisms), with the steroid
receptor RNA activator being the first known example of such
dual mechanisms (40). The number of pure long non-coding
RNAGs, defined as those that function only via a non-coding
mechanism, is much smaller than has been claimed in the
literature. In fact, few reports to date have carefully studied
long non-coding RNAs for short peptide expression. The

dichotomy of RNAs into long non-coding ones and coding
ones is too arbitrary (41) and may be greatly misleading. These
general conceptions lead us to consider that the four HSPB1
RNA variants identified herein should be classified as mRNAs
if the deduced peptides are expressed, although the longest
OREF they encompass is shorter than 200 nts.

The possible translation of an HSP27-containing peptide
from the 716A1-16 RNA raises concerns about the definition of
‘protein isoforms’ used in the present. This is because only 25
of the 56 AAs encoded by the 716A1-16 belong to HSP27, and
this short peptide (if it is expressed) may have quite a different
function compared with Wt HSP27, which encompasses 205
AAs. By contrast, it is not uncommon for two protein isoforms
encoded by two differently spliced mRNAs of the same gene
to have opposite functions. For example, the Bcl-xL (the long
form of Bcl-X) promotes cell survival, while the Bcl-xS (the
short form lacking one exon) promotes cell death; however, the
long and short forms of the FANCL gene exhibit the opposite
phenomenon (42). Therefore, this deduced HSP27-containing
peptide may be considered by others as a non-HSP27 protein,
despite it being considered an HSP27 isoform in the present
study. This problem requires further discussion in the RNA
research fraternity to reach a common definition of ‘protein
isoforms’, since the human genome may encode an astounding
number of such similar/dissimilar ORFs.

Reanalysis of previous proteomics data has revealed that
numerous HSP or associated genes have their protein products
detected simultaneously at multiple positions on SDS-PAGE,
including some positions with much larger or smaller
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Table II. Heat-shock and associated proteins detected at different positions of SDS-PAGE.

Position® Cell line Proteins detected (isoform variation)®
72-kD (65-80 kD) MB231  HSPD1 (573); HSP90AAI (854,732,853); STIP1 (590,543,519); HSPA9 (679); HSPAS
(493,646); HSP90B1 (803); HSPA5(654); HSPO9OABI1 (724,714,676); HSPA1A (641); TRAP1
(651,704,564); HSPA4 (840); HSPA1L (641)
MCEF7 HSPDI1; TRAP1; HSPA2 (639); HSP9OAAT1; HSP9OABI1; STIP1; HSPA9; HSPAS; HSPAS;
HSPA1A; HSP90B1; HSPAG6 (643); HSPHI (851,858,782.,860,814,809,853,816,736,780,807)
55-kD (50-60 kD) MB231  HSPDI1; HSP90AAI; HSP9OAB1; HSPEI (102); HSP90B1; HSPAS; HSPA14 (509); HSPAS;
CDC37 (429,378); HSPA9; HSPA1A; AHSA1 (203,338)
MCEF7 HSPDI1; STIP1; HSPAS; HSPAS; HSP90ABI1; HSPHI; TRAP1; HSPA1A; HSPAIL;
HSP90AAT; HSPA9
48-kD (43-53 kD) MB231  HSPDI1; HSP90AAI; HSP90OAB1; HSPEI; HSPAS; HSPAS; CDC37; HSP90OB1; HSPA1A or
HSPAIL; HSPA9
MCF7 HSPD1; HSP9OAAT1; HSP90OAB1; HSPA1A; HSPAS; HSPA9; HSPA14(509); HSPHI; HSPAIL
40-kD MB231  HSPAS; HSPD1; HSPA9; HSPAS; HSPBP1 (359,405,431,327)
(36-44 kD) HEK?293 HSPDI; AHSA1; HSP90B1; TRAP1; HSP9OAB1; HSPA9; HSPAS5; HSP90AAI1; HSPAS,;
HSPBP1; STIP1; HSPA1A; HSPA4; HSPHI; CDC37
26-kD (22-30 kD) HEK?293 HSPDI; HSP90ABI1; HSPB1 (205); HSP90B1; HSP90AAI, TRAP1; HSPA8; HSPAS;

HSPA1A; HSPA1L; HSPA9; HSPEI; AHSA1

*Approximately 10% divergence of the molecular weight is parenthesized. "Molecular weights (in kD) of protein isoforms of the gene are given
in parenthesis. The gene and the largest or smallest isoform it produces are italicized and boldfaced.

molecular masses than their theoretical counterparts (Table II).
Explanations for those appearing at a relatively low position on
the SDS-PAGE include that either they are isoform(s) smaller
than the Wt or they are degraded debris. Explanations for those
appearing at a much larger position include that either they
are unknown isoforms or they are known isoforms, but have
undergone multiple post-translational modifications, including
the recently reported lysine lactation (43). At present, there is
still lacking a reliable high-throughput technique to rectify the
authenticity of those proteins that appear at the ‘wrong’ posi-
tions on SDS-PAGE and to rectify the three putative HSP27
isoforms described in the present study. These technical
hurdles include the lack of isoform-specific antibodies to deter-
mine protein identity using Western blotting, and the fact that
different isoforms sharing parts of the AA sequence may differ
in conformation and thus have different antibody epitopes.

In conclusion, the RT-PCR results demonstrated that HSF1
and several HSP genes respond to increased ambient tempera-
tures in cell culture through complex changes in the ratios of
expression levels between different RNA variants, including
certain previously unreported variants and older versions of
the RNAs that have been replaced by newer versions. Among
these variants are four novel RNA variants of the HSPB1 gene
that may encode three short HSP27 protein isoforms. In line
with these observations, reanalysis of proteomics data from
two previous studies also reveals that proteins of certain HSP
or associated genes may be detected simultaneously at multiple
positions on SDS-PAGE, suggesting that these genes are likely
to be expressed in multiple isoforms. Among the limitations of
the present study is the lack of determination of the time course
of the alterations in the expression of individual HSP genes at
the full range of febrile temperatures, i.e. from 38°C or 42°C.

Using alternative transcription-initiation sites and alternative
RNA splicing to produce different HSF1 RNAs and HSP genes
may be important molecular mechanisms that allow cells to
respond to an elevated ambient temperature in vitro.
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