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Abstract
Heat shock proteins (HSPs) are a family of cellular proteins involved in a variety of biological functions including chaperone
activity. HSPs are classified based on their molecular weight and each family has several isoforms in eukaryotes. HSP40 is the
most diverse family acting as a co-chaperone for the highly conserved HSP70 family. Some of the isoforms are reported to be
induced during heat stress. Few studies have also highlighted the diverse role of some isoforms in different stress conditions
including viral infections. But till date, no study has comprehensively examined the expression profile of different HSP40 and 70
isoforms in either heat stress or HIV-1 infection, a virus that is responsible for the pandemic of AIDS. In the present study, we
have compared the mRNA expression profile of HSP40 and HSP70 isoforms during heat stress and HIV-1 infection in a T-cell
line and also validated the HIV-1 stress results in peripheral blood mononuclear cells. In case of HSP70, we observed that three
isoforms (HSPA1A, HSPA1B, and HSPA6) are highly upregulated during heat stress, but these isoforms were found to be
downregulated during the peak of HIV-1 infection. While in case of HSP40, we found that only DNAJA4, DNAJB1, and
DNAJB4 showed significant upregulation during heat stress, whereas in HIV-1 infection, majority of the isoforms were induced
significantly. Stress-dependent differential expression observed here indicates that different HSP40 and HSP70 isoforms may
have specific roles during HIV-1 infection and thus could be important for future studies.
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Introduction

Heat shock proteins (HSP) are present in cellular or extracel-
lular environment of the cell and are known to be induced due
to various stress conditions such as heat, cold, microbial in-
fection, UV radiation, etc. (Ritossa 1962, 1996; Trautinger
et al. 1996; Colinet et al. 2010). They are highly conserved
proteins, many of which are referred to as molecular chaper-
ones as they help in folding, transport, assembly, and degra-
dation of other proteins (Sørensen et al. 2003; Arrigo 2005).
They have been classified into different groups based on their
molecular weights: small HSPs, HSP40, HSP60, HSP70,
HSP90, and HSP110. In 2009, a new nomenclature was pro-
posed for the heat shock protein family members: HSPA

(HSP70), HSPH (HSP110), HSPC (HSP90), DNAJ
(HSP40), HSPB (small HSP), and HSPD/E (HSP60/HSP10)
(Kampinga et al. 2009). It is more consistent with the HUGO
Gene Nomenclature Committee and NCBI Entrez Gene data-
base. In the present report, we will use the new nomenclature
while referring to different isoforms of HSP40 (DNAJ) and
HSP70 (HSPA).

HSP70 is one of the most conserved proteins among the
HSP family, showing its presence from bacteria to higher
mammals (Lindquist and Craig 1988). This family com-
prises of thirteen different isoforms in humans as proposed
by Kampinga and others in 2009 and listed in Table 1
(Kampinga et al. 2009). They have a similar structure com-
prising of a N-terminal nucleotide-binding domain or
ATPase domain and a C-terminal substrate-binding do-
main composed of two subdomains (Mayer and Bukau
2005). Of the thirteen isoforms, HSPA1A, HSPA1B, and
HSPA6 are reported to be highly induced upon heat stress,
whereas HSPA8 is a constitutively expressed isoform
(Kampinga et al. 2009). On the other hand, the HSP40
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protein family is the most diverse family which specifies
the function of other chaperone proteins like HSP70,
HSP90, and HSP104 acting as a co-chaperone (Reidy
et al. 2014), but the molecular function of different iso-
forms of the family, if any, remains to be elucidated. The
human genome encodes about 49 isoforms of HSP40 pro-
tein as listed in Table 1 (Kampinga et al. 2009). Isoforms
of HSP40 are very diverse at the primary sequence level.
They have combinations of four typical domains: a highly
conserved N-terminal sequence of about 70 amino acids
(signature J domain); followed by a Gly/Phe-rich region
(G/F-rich domain); four repeats of the CxxCxGxG-type
zinc finger domain; and a less well-conserved C-terminal
substrate-binding domain (Cheetham and Caplan 1998).
Based on the differences in these regions, HSP40 isoforms
can be categorized into three groups: type I (group A)
proteins comprising of all four domains, while type II
(group B) proteins lack the zinc finger domain, and type
III (group C) proteins retain only the signature J domain,
which can be located at any position in the protein se-
quence. Multiple HSP40 protein isoforms also exist in both
prokaryotic and eukaryotic cells, e.g., 6 DNAJ/HSP40 ho-
mologues have been identified in Escherichia coli (Qiu
et al. 2006), 22 in Saccharomyces cerevisiae (Walsh

et al. 2004), and 43 in Plasmodium falciparum (Botha
et al. 2007).

HSP70 and HSP40work together to facilitate the folding of
proteins. The function of HSP70 is dependent on its ATPase
cycle. HSP70 is present in two states. One form is the ATP-
bound state that has low affinity for client proteins and high
association and dissociation rate. The other form is the ADP-
bound state that has a high affinity for client proteins but low
association and dissociation rate. The catalysis of ATP to
ADP occurs through the low, intrinsic ATPase activity of
HSP70 (Laufen et al. 1999; Lopez-Buesa et al. 1998).
HSP40 physically interacts with HSP70 through the DNAJ
domain and activates the ATPase activity of HSP70
(Minami et al. 1996). HSP40 provides the client specificity
required by HSP70 to perform its function. The exchange of
ADP with ATP is catalyzed by nucleotide exchange factors
such as HSP110 and HSPBP1 (Bracher and Verghese 2015).

Human immunodeficiency virus (HIV-1) is the causative
agent of acquired immune deficiency syndrome (AIDS)
(Barré-Sinoussi et al. 1983; Gallo et al. 1984; Levy et al.
1984). With just a 9.7-kb genome and 15 different proteins,
the virus hijacks the host machinery to complete its replication
cycle and propagate. Several genome wide screens have
shown that HIV-1 requires and utilizes a large number of
cellular proteins during its life cycle including some heat
shock proteins (Zhou et al. 2008; Zhu et al. 2014; Park et al.
2017). A study conducted two decades ago showed that
HSP70 mRNA is upregulated in CD4+ T-cells infected with
HIV-1 (Wainberg et al. 1997). A few studies since then have
looked at the expression and role of heat shock proteins in
HIV-1 infection although most of these reports have not
looked at isoform-specific expression profile and functions.
Our lab has previously shown that HSP40 and HSP70 recip-
rocally regulate HIV-1 gene expression (Kumar et al. 2011).
We have also shown that HSP40 is required for the Nef-me-
diated increase in viral gene expression and replication
(Kumar and Mitra 2005).

Recent studies have highlighted the role of few of the iso-
forms of HSP40 and HSP70 in other viral infections. For
example, certain cytosolic HSP70 isoforms helped by distinct
HSP40 isoforms are needed during the dengue virus life cycle
(Taguwa et al. 2015). The isoform-specific functional impli-
cation of both HSP70 and HSP40 is also highlighted in
Kaposi’s sarcoma-associated herpes virus infection, wherein
there is an increased production or nuclear translocation of
some of the isoforms (Baquero-Pérez and Whitehouse
2015). DNAJA1, an isoform of HSP40, acts as a positive
regulator for influenza virus replication (Cao et al. 2014;
Batra et al. 2016). Earlier, it was also shown that HSPA8, an
isoform of HSP70, is associated with the influenza virus ma-
trix protein 1, which is important for virus replication, assem-
bly, and budding (Watanabe et al. 2006). The role of individ-
ual isoforms in HIV-1 infection is being studied as well in a

Table 1 List of different
HSP40 and HSP70
isoforms expressed in
human cells (Kampinga
et al. 2009)

HSP40 Isoforms

Class A DNAJB14 DNAJC15

DNAJA1 Class C DNAJC16

DNAJA2 DNAJC1 DNAJC17

DNAJA3 DNAJC2 DNAJC18

DNAJA4 DNAJC3 DNAJC19

Class B DNAJC4 DNAJC20

DNAJB1 DNAJC5 DNAJC21

DNAJB2 DNAJC5B DNAJC22

DNAJB3 DNAJC5G DNAJC23

DNAJB4 DNAJC6 DNAJC24

DNAJB5 DNAJC7 DNAJC25

DNAJB6 DNAJC8 DNAJC26

DNAJB7 DNAJC9 DNAJC27

DNAJB8 DNAJC10 DNAJC28

DNAJB9 DNAJC11 DNAJC29

DNAJB11 DNAJC12 DNAJC30

DNAJB12 DNAJC13
DNAJB13 DNAJC14

HSP70 Isoforms

HSPA1A HSPA6 HSPA13

HSPA1B HSPA8 HSPA14

HSPA1L HSPA9
HSPA2 HSPA12a

HSPA5 HSPA12b
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fragmented manner and some reports indicate differences in
function of isoforms based on HIV-1 subtypes or clades. HIV-
1 clade B gp120 induces HSPA5 and other ER stress markers
as compared to clade C gp120 in astrocytoma cells (López
et al. 2017). A protective response is induced in clade B
gp120-treated cells, while an apoptotic response is activated
by clade C gp120. HIV-1 Tat is also known to induce HSPA5
and other ER stress markers (Norman et al. 2008). A report in
2013 showed that four HSP40 protein family isoforms
DNAJB1, DNAJB6, DNAJA1, and DNAJC5 negatively reg-
ulate the HIV-1 replication by downregulating viral Rev pro-
tein expression (Urano et al. 2013).

However, till date, researchers are yet to comprehensively
analyze the expression of all the different isoforms of HSP40
and HSP70 either during heat stress or during HIV-1 infec-
tion. It is unclear if response of these isoforms could be same
or different in HIV-1 infection from that of heat stress. HIV-1
might specifically activate a specific pattern of heat shock
protein response through these isoforms, which could be ei-
ther beneficial or detrimental for virus replication. In addition,
the HSP40-HSP70 interaction is poorly understood in case of
HIV-1 infection. Thus, it becomes particularly important to
look into this aspect as future drugs can target the interaction
itself. Also, while drug targets for HSP70 isoforms may be
very nonspecific due to the high similarity between the iso-
forms, the huge diversity in HSP40 isoforms can provide ideal
drug targets (Wang et al. 2020). As a first step towards an-
swering these questions, we have analyzed the expression of
HSP40 and HSP70 isoforms at mRNA level upon heat stress
and HIV-1 infection in CEM-GFP T-cell line. The heat stress
was given at 42 °C with or without recovery time as previous
studies have reported that cellular functions are extremely
sensitive to temperature changes between 42 and 42.5 °C
(Sapareto et al. 1978) and the actual heat shock protein syn-
thesis occur after cells are returned to 37 °C (Slater et al.
1981). The expressions of the isoforms were also analyzed
at mRNA level in CEM-GFP cells infected with HIV-1 and
harvested at different times post-infection. Our results clearly
show differential expression of various isoforms in these two
different stress conditions indicating thereby stress-specific
regulation of these HSP isoforms.

Materials and methods

Cell lines and primary cells

CEM-GFP (#3655) (Gervaix et al. 1997) and TZM-bl (#8129)
(Platt et al. 1998) cell lines were obtained from NIH AIDS
reagent program, Division of AIDS, NIAID, USA. These are
reporter cell lines expressing GFP and β-galactosidase/lucif-
erase, respectively, as reporters upon transactivation byHIV-1
infection. Buffy coat of seronegative healthy blood donors

was procured from ISI blood bank, Navi Peth, Pune, and
PBMCs were isolated using Histopaque 1077 (Sigma, USA)
by gradient centrifugation (Panda and Ravindran 2013).
TZM-bl cells were grown in DMEM (Invitrogen, USA),
whereas PBMCs and CEM-GFP cells were grown in RPMI
1640 medium (Invitrogen, USA) containing 10% fetal bovine
serum (FBS) and penicillin-streptomycin (Invitrogen, USA) at
37 °C in a humidified 5%CO2 incubator. For CEM-GFP cells,
media were supplemented with 500 μg/ml G418 (Invitrogen,
USA).

Heat stress of cells

CEM-GFP cells were given heat stress at 42 °C for 30minutes
followed by either immediate harvesting of cells or harvesting
after a recovery period of 2 hours at 37 °C post-heat stress
(Slater et al. 1981). RNA was isolated from harvested cells
using TRIzol reagent (Invitrogen, USA) following manufac-
turer’s instructions.

Virus stock preparation

HIV-1 pNL4-3 molecular clone (#114), obtained from the
National Institutes of Health AIDS repository, was used for
preparing virus stock as described earlier (Adachi et al. 1986).
Briefly, HEK-293 T-cells were transfected with the molecular
clone using the CalPhos Mammalian Transfection Kit
(Clontech, Takara, USA) as per the manufacturer’s instruc-
tions. Cell culture media was collected at 24 hours post-
media change, clarified at 1800 g for 5 min, and concentrated
by ultracentrifugation at 141000 × g for 2.5 hours at 4 °C. The
viral pellet was resuspended in RPMI 1640 containing a final
concentration of 50-mM HEPES in small aliquots and was
stored at −70 °C. Antigen capture ELISA for p24 antigen
(Advanced Biosciences Laboratories, USA) was used to cal-
culate the concentration of virus in the stock as per the instruc-
tion of manufacturer.

Viral infectivity assay

For calculation of infectious virus particles generated, differ-
ent concentrations of virus stock based on p24 antigen (ana-
lyzed by ELISA) were used to infect TZM-bl reporter cells at
a confluence of 50–60%. Infectivity was calculated at 36
hours post-infection by β-gal staining after fixing the cells
using 0.25% glutaraldehyde. The cells that stained positive
were counted in random fields and the infectious virion per
nanogram virus (p24) was calculated (Augustine et al. 2017).

HIV-1 infection

CEM-GFP cells were infected with 0.1 MOI of HIV-1 NL4-3
virus for 4 hours at 37 °C in the presence of polybrene (1
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μg/ml) with intermittent mixing. 0.1 MOI indicates that the
number of virus particles used in infection was 1/10th of the
total number of cells used in the experiment. Cells were then
washed and resuspended in complete medium and were kept
in humidified CO2 incubator post-infection. Cells were har-
vested on different days post-infection for RNA extraction
with TRIzol (Invitrogen, USA) reagent using manufacturer’s
protocol. cDNA synthesis from RNA was carried out using
MMLV Reverse Transcriptase (Invitrogen, USA) as per man-
ufacturer’s protocol. PBMCs were isolated from Buffy coat
using Histopaque by gradient centrifugation as mentioned ear-
lier. Cells were grown in RPMI medium (Invitrogen, USA)
supplemented with 10% fetal bovine serum (Invitrogen, USA)
and incubated at 37 °C in a humidified CO2 incubator. The
PBMCs were activated with phytohemagglutinin (5 μg/ml)
for 36 hours. After 36 hours, cells were then infected with
0.1MOI of HIV-1 NL4.3 virus for 4 hours at 37 °C in the
presence of polybrene (1 μg/ml) with intermittent mixing. The
cells were then washed, resuspended in complete medium
supplemented with recombinant human IL-2 (Roche
Applied Science, Germany) at 20 units/ml, and incubated until
harvested (Augustine et al. 2017). Cells were harvested at
different days post-infection for RNA isolation and cDNA
synthesis as described above. Culture supernatants from in-
fected cells were used to determine virus production and peak
of infection by p24 antigen capture ELISA (Advanced
Bioscience Laboratories, USA).

Quantitative real-time PCR

Expression of various HSP40 and 70 isoforms was analyzed
by quantitative real-time RT-PCR in a reaction mixture con-
taining SYBR Green iTaq supermix (Bio-Rad, USA) and 10-
pmol concentrations of hGAPDH or isoform-specific oligo-
nucleotide primer pairs and run on a Realplex4 Mastercycler
(Eppendorf, Germany) using the following program: initial
denaturation at 95 °C for 2 min and 40 cycles of 95 °C for
30s, 55 °C for 30s, and 72 °C for 30s followed by the melt
curve analysis. All the error bars represent mean ± standard
error of mean of at least three independent experiments per-
formed in duplicate wells of the plate for each sample. The
sequence of all the HSP40 and HSP70 isoform-specific PCR
primers used in this study is listed in Supplementary Tables S1
and S2.

The fold change values were calculated as:
Fold difference = 2−ΔΔCT

where ΔCT = CT (target) − CT (GAPDH) and ΔΔCT =
ΔCT (treated) – ΔCT (control)

Generation of heat maps

Heat maps for the gene expression results were built using
Latex software. Each grid in the heat map shows the log of

the fold change value for the mRNA expression of that gene at
that time point averaged over three replicates. A value of zero
is onefold regulation, i.e., no regulation, and is represented in
black. Gradations of green represent upregulation and grada-
tions of red represent downregulation.

Statistical analysis

All the error bars represent mean ± standard error of mean of at
least three independent experiments. The statistical signifi-
cance of difference between two groups was evaluated by
Student’s t test using SigmaPlot 12.5. The significance is rep-
resented as ns = p≧0.05, * = p≦0.05, ** = p≦0.001, and *** =
p≦0.0001.

Results

Heat stress modulates expression of several HSP40
isoforms in T-cells

HSPs are proteins that are thought to be induced during heat
stress or any other kind of stress; however, gene expression
profile of all HSP40 isoforms during heat stress has not been
studied till date. So it is important to know whether all the
DNAJ isoforms are heat stress inducible or only specific
isoform/s show modulation during heat stress. CEM-GFP is
a reporter T-cell line that is used in HIV-1 infection studies as
a model cell line and was thus used in the present work for
comparative analysis. First, heat stress at 42 °C for 30 minutes
was given to CEM-GFP cells followed by harvesting of cells
for RNA extraction either with or without a recovery period of
2 h at 37 °C. Heat stress without recovery period caused sig-
nificant upregulation (≥ 1.5-fold) in the expression of 7 iso-
forms (DNAJA1, DNAJA4, DNAJB1, DNAJB4, DNAJB7,
DNAJC12, and DNAJC27) (Fig. 1a). However, very signifi-
cant increase (≥ fivefold) was seen in DNAJB1 (~10.68-fold)
and DNAJB4 (~6.39-fold). Interestingly, significant decrease
(≤ 1.5-fold) was observed only in 3 isoforms: DNAJB3,
DNAJC5, and DNAJC5G. Heat stress with recovery period
on the other hand resulted in significant upregulation (≥ 1.5-
fold) of 9 isoforms (DNAJA1, DNAJA2, DNAJA4,
DNAJB1, DNAJB3, DNAJB4, DNAJB8, DNAJC26, and
DNAJC28) (Fig. 1b). Among these, 3 isoforms were very
highly upregulated (≥ fivefold): DNAJA4 (~38.99-fold),
DNAJB1 (~21.47-fold), and DNAJB4 (~10.23-fold). On the
other hand, none of the isoforms showed significant downreg-
ulation in heat stress with recovery period. Results obtained
from these experiments show that all the isoforms of DNAJ
are not heat inducible. Upon comparison of these two datasets,
we find that some of the isoforms which show significant
modulation during heat stress without recovery time does
not show any significant change in expression in cells kept
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for recovery after heat stress (DNAJB7, DNAJC5,
DNAJC5G, DNAJC12, and DNAJC27). Certain isoforms
that did not show any change in expression during heat stress
without recovery time showed a significant upregulation dur-
ing heat stress with recovery time (DNAJA2, DNAJB8,
DNAJC26, and DNAJC28) (Fig. 1c). These results suggest
that some of the isoforms show immediate response to heat
stress while others get activated later on to probably maintain
homeostasis in the cell. DNAJB1 and DNAJB4 showed very
significant upregulation in expression in both the conditions
and therefore can be probably used as inducible markers of
heat stress.

Several isoforms of HSP70 family are induced during
heat stress in T-cells

In case of HSP70, upon heat stress of CEM-GFP cells
without recovery time, 5 isoforms (HSPA1A, HSPA1B,
HSPA1L, HSPA6, and HSP8.2) showed upregulation (≥
1.5-fold) in expression. There was very significant upreg-
ulation in expression of HSPA1A (~82-fold), HSPA1B
(~40-fold), and HSPA6 (~295-fold) (Fig. 2a). On the oth-
er hand, when cells were given heat stress followed by a
recovery period of 2 h, 8 isoforms (HSPA1A, HSPA1B,
HSPA1L, HSPA5, HSPA6, HSPA8.1, HSP8.2, and

Fig. 1 Effect of heat stress on
expression of different HSP40
isoforms in CEM-GFP cells.
CEM-GFP cells were given heat
shock at 42 °C for 30 minutes,
and the cells were harvested im-
mediately without any recovery
time or after a recovery time of 2
hours at 37 °C. Modulation in
mRNA expression of different
HSP40 isoforms was determined
by using qRT-PCR (a) without
recovery time and (b) with re-
covery time of 2 hours at 37 °C.
The results represent mean ± S.E.
from n = 3 independent experi-
ments, and statistical significance
is determined by using Student’s t
test, as *p < 0.05, **p ≤ 0.01, and
***p ≤ 0.001. (c) Comparative
analysis of variation in expression
of different HSP70 isoforms be-
tween the above conditions (a and
b). Statistical significance is de-
termined by using the two-tailed
Student’s t test, as *p < 0.05, **p
≤ 0.01, and ***p ≤ 0.001
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HSPA9) were upregulated (≥ 1.5-fold) but again the same
three isoforms HSPA1A (~53-fold), HSPA1B (~40-fold),
and HSPA6 (~98-fold) were very significantly induced
(Fig. 2b). In both the conditions, these three isoforms
HSPA1A, HSPA1B, and HSPA6 were consistently highly
upregulated (≥ fivefold). However, it needs to be men-
tioned that there was no decrease in the expression of
any isoform in both the conditions. Moreover, pattern of
expression in both conditions remained almost similar ex-
cept HSPA5, HSPA8.1, and HSPA9, which showed up-
regulation in the heat stress with recovery time (Fig. 2c).
The upregulations in HSPA1A, HSPA1B, and HSPA6
have been well documented in literature and they are thus
called heat inducible isoforms of the HSP70 family. The
above results show that the same three isoforms are highly
heat stress inducible even in T-cells, an important host
for HIV-1.

HSP40 isoforms are differentially modulated during
HIV-1 infection in T-cells

CEM-GFP cells infected with HIV-1 at 0.1 MOI were har-
vested at different days post-infection. RNA was isolated
from these cells followed by cDNA preparation and qRT-
PCR for different isoforms of DNAJ family, where mock-
infected cells were taken as control. A heat map for the
mRNA expression level of various isoforms at different
days post-infection is presented in Fig. 3a. Initially, there
is no significant change in expression but over the course
of time post-infection, significant changes are observed
(either up- or downregulation) in expression of several iso-
forms with infection progression, as observed in the heat
map. Further, to find the day of the peak of HIV-1 infection
in the specific experimental condition, we performed p24
antigen capture ELISA from the supernatant collected at

Fig. 2 Effect of heat stress on
expression of different HSP70
isoforms in CEM-GFP cells.
CEM-GFP cells were given heat
shock at 42 °C for 30 minutes and
the cells were harvested immedi-
ately without any recovery time or
after a recovery time of 2 hours at
37 °C. Modulation in mRNA ex-
pression of different HSP70 iso-
forms was determined by using
qRT-PCR (a) without recovery
time and (b) with recovery time of
2 hours at 37 °C. The results rep-
resent mean ± S.E. from n = 3
independent experiments and sta-
tistical significance is determined
by using Student’s t test, as *p <
0.05, **p ≤ 0.01, and ***p ≤
0.001. (c) Comparative analysis
of variation in expression of dif-
ferent HSP70 isoforms between
the above conditions (a and b).
Statistical significance is deter-
mined by using the two-tailed
Student’s t test, as *p < 0.05, **p
≤ 0.01, and ***p ≤ 0.001
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different days post-infection. We find the peak of infection
to be at day 7 post-infection based on p24 antigen present
in the supernatant (Fig. 3b). Thus, further comparative
analysis was performed at day 7 post-infection as shown
in Fig. 3c. Our results clearly indicate that almost 28 iso-
forms of DNAJ family showed more than threefold
upregulations, while only one isoform DNAJB6a showed
significant downregulation during the peak of infection.
Moreover, some isoforms exhibited very significant in-
crease in expression like DNAJB3 (~114-fold), DNAJB7
(~82-fold), DNAJB8 (~160-fold), DNAJB13 (~150-fold),
DNAJC5 (~205-fold), DNAJC5B (~67-fold), DNAJC5G
(~87-fold), DNAJC6 (~86-fold), and DNAJC30 (~72-
fold). Such differential expression results from these

experiments indicate that some of these DNAJ family iso-
forms might play an important role in the life cycle of HIV-
1 in T-cells.

HSP70 isoforms are significantly modulated during
HIV-1 infection in T-cells

A heat map for the expression of various isoforms of
HSP70 family at RNA level for different days post-HIV-
1 infection is shown in Fig. 4a, indicating changes in the
expression during the course of HIV-1 infection. Overall,
we observed that all isoforms are initially downregulated
but expression of some of them is induced later in the
infection as shown in the heat map. Notably, the heat

Fig. 3 Expression profile of
different HSP40 isoforms during
HIV-1 infection. CEM-GFP cells
were infected with 0.1 MOI of
HIV-1NL4.3 virus and harvested at
different days post-infection (days
1, 3, 5, 7, and 9) and followed by
qRT-PCR to determine mRNA
expression level of different
HSP40 isoforms. (a) Expression
kinetics of different HSP40 iso-
forms at different days post-
infection presented as heat map
using logarithmic-transformed
fold change mean values (n = 3).
The abscissa represents the num-
ber of days post-infection in the
experiment and the ordinate rep-
resents different isoforms of
DNAJ. (b) Determination of peak
day of infection by p24 antigen
capture ELISA of supernatants
collected from HIV-1 NL4.3
virus-infected CEM-GFP cells as
described in materials and
methods. (c) Fold change in
mRNA expression level of dif-
ferent HSP40 isoforms at peak of
HIV-1 infection (day 7 post-in-
fection). The results represent
mean ± S.E. from n = 3 indepen-
dent experiments and statistical
significance is determined by
using Student’s t test, *p < 0.05,
**p ≤ 0.01, and ***p ≤ 0.001

409Comparative analysis of differential gene expression of HSP40 and HSP70 family isoforms during heat stress...



inducible isoforms such as HSPA1A, HSPA1B, and
HSPA6 are highly and significantly downregulated be-
tween days 1 and 5. From day 7 onwards, upregulation is
observed in several isoforms, most significantly in
HSPA1L, HSPA2, HSPA5, HSPA9, HSPA12, and
HSPA13. As the peak of infection was at day 7 based on
our results in Fig. 3b, the expression of all the HSP70
isoforms was then compared at day 7 as presented in Fig.
4b. Here, we observe that four isoforms were modestly
downregulated: HSPA1A (~0.45-fold), HSPA1B (~0.6-
fold), HSPA6 (~0.20-fold), and HSPA14 (~0.5-fold) at
the peak of infection. When compared to HSP40 isoforms,
none of the HSP70 isoforms showed a very significant (≥
threefold) increase in expression at the peak of infection
except HSPA13 (~threefold). The results suggest that some
of the HSP70 isoforms which are significantly downregu-
lated may potentially be involved in HIV-1 life cycle in T-
cells.

Validation of expression profile of selected HSP40 and
HSP70 isoforms in HIV-1-infected human peripheral
blood mononuclear cells (hPBMCs)

Further to validate our results obtained for various isoforms
during HIV-1 infection in CEM-GFP T-cell line also in pri-
mary cells, peripheral blood mononuclear cells were obtained
from a local blood bank. PBMCs were infected with HIV-1 at
0.1 MOI and cells were harvested for RNA isolation followed
by qRT-PCR at different days post-infection. Mock-infected
cells were used as control. Further, in case of DNAJ family,
we selected 29 isoforms that were showing significant modu-
lation (≥ threefold upregulations or ≤ twofold downregulation)
in expression in HIV-1-infected CEM-GFP cells. Our results
show that all the selected isoforms showed same kind of ex-
pression profile in infected hPBMCs as observed earlier in
CEM-GFP cells (Fig. 5a). In case of HSP70, we selected the
common cytoplasmic isoforms for expression profiling in

Fig. 4 Expression profile of
different HSP70 isoforms during
HIV-1 infection. CEM-GFP cells
were infected with 0.1 MOI of
HIV-1NL4.3 virus and harvested at
different days post-infection (days
1, 3, 5, 7, and 9) and was followed
by qRT-PCR to determine
mRNA expression level of dif-
ferent HSP70 isoforms. (a) ex-
pression kinetics of different
HSP70 isoforms at different days
post-infection presented as heat
map using logarithmic-
transformed fold change mean
values (n = 3). The abscissa rep-
resents the number of days post-
infection in the experiment and
the ordinate represents different
isoforms of HSP70. (b) Fold
change in mRNA expression lev-
el of different HSP70 isoforms at
peak of HIV-1 infection (day 7
post-infection). The results repre-
sent mean ± S.E. from n = 3 in-
dependent experiments and sta-
tistical significance is determined
by using Student’s t test, *p <
0.05, **p ≤ 0.01, and ***p ≤
0.001
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hPBMCs—HSPA1A, HSPA5, HSPA8.1, HSPA8.2, and
HSPA9 (Fig. 5b). We found that while there was not a signif-
icant downregulation, a similar trend was observed in three of
the isoforms, HSPA1A, HSPA8.1, and HSPA8.2. HSPA5
showed modest increase during late infection in PBMCs as
was observed in CEM-GFP cells in peak of HIV-1 infection.

Comparative analysis of expression profile of HSP40
and HSP70 isoforms during heat stress and HIV-1 in-
fection in T-cells

Our results clearly suggest that all the isoforms of HSP40 or
HSP70 family are not heat inducible. Moreover, these

Fig. 5 Differential expression of
selected HSP40 and 70 isoforms
in HIV-1-infected human
PBMCs. Human PBMCs activat-
ed with PHA were infected with
HIV-1NL4.3 virus at 0.1 MOI and
cells were harvested at different
days post-infection (day 1, 3, 5,
and 7). Further, RNAwas isolated
and qRT-PCR was performed for
selected HSP40 and HSP70 iso-
forms as described in the text.
Differential expression of selected
HSP40 (a) and HSP70 (b) iso-
forms presented as heat map
using logarithmic-transformed
fold change mean values (n = 3),
respectively. The abscissa repre-
sents the number of days post-
infection in the experiment and
the ordinate represents different
isoforms of HSP40 and HSP70,
respectively
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isoforms behave differently during heat stress and HIV-1 in-
fection. Comparative analysis of the expression profile indi-
cates that there are some isoforms in these two families that
are specifically modulated either due to heat stress (DNAJA1,
DNAJA2, DNAJC12, DNAJC26, HSPA1L, HSPA8.1,
HSPA8.2, HSPA5, and HSPA9) or during HIV-1 infection
(DNAJA3, DNAJB2, DNAJB6a, DNAJB6b, DNAJB9,
DNAJB13, DNJAB14, DNJAC1, DNAJC2, DNAJC4,
DNAJC5B, DNAJC6, DNAJC17, DNAJC18, DNAJC19,
DNAJC21, DNAJC22, DNAJC24, DNAJC30, HSPA13,
and HSPA14). Also few isoforms showed modulation in both
heat stress and HIV-1 infection (DNAJA4, DNAJB1,
DNAJB3, DNAJB4, HSPA1A, HSPA1B, and HSPA6) as
shown in Table 2. We have also tried to graphically represent
this differential modulation of HSP40/HSP70 isoforms in T-
cells during heat stress or HIV-1 infection conditions as a
Venn diagram (Fig. 6). In case of HSP40 family, during heat
stress conditions, only few isoforms showed modulation but
during HIV-1 infection, most of the isoforms were induced
(oval shape with light green denotes upregulation, light red
denotes downregulation, while ovals with both color denote
opposite regulation in both the stress conditions). In case of
HSP70, 3 isoforms showed huge upregulation during heat
stress but there was significant downregulation during HIV-
1 infection (oval shape with dark green denotes upregulation,
dark red denotes downregulation, while ovals with both color
denote opposite regulation in the two stress conditions).
Differential expression of various isoforms of HSP40 and
HSP70 family observed during HIV-1 infection in T-cells or
heat stress suggests that the presence of multiple isoformsmay
not be merely redundant but could have potentially important
roles in different stress conditions.

Discussion

HSP70 is one of the most conserved heat shock protein fam-
ily, whereas HSP40 is the most diverse. Together, they form
an association that maintains homeostasis inside the cells by

facilitating folding, transport, assembly, and degradation of
proteins. Human HSP70 family comprises of 13 different iso-
forms, whereas human HSP40 family has 49 different iso-
forms (Kampinga et al. 2009). The presence of so many iso-
forms raises the question as to whether all these isoforms have
specific roles or are they redundant.While research on the role
of both HSP40 and HSP70 isoforms in viral infection is na-
scent, some recent studies do highlight the same. For example,
in dengue virus infection, among different HSP70 and HSP40
isoforms, HSPA8 and DNAJB6b seem to play a vital role in
virion production (Taguwa et al. 2015). The same group
showed that HSPA1A and HSPA8 are also required for Zika
virus production (Taguwa et al. 2019). Six isoforms of HSP70
and HSP40, HSPA1A, HSPA8, HSPA5, DNAJA1, DNAJB1,
and DNAJB6, were found to be associated with the replication
and transcription complexes of Kaposi’s sarcoma-associated
Herpes virus (Baquero-Pérez and Whitehouse 2015). In an-
other interesting report, it was shown that DNAJB1-HSP70
complex regulates innate antiviral response generated by
Melanoma differentiation-associated gene-5 and mitochondri-
al antiviral signaling protein (MDA5-MAVS) pathway, which
is known to play an important role in type I interferon induc-
tion in dsRNA virus-infected cells (Takashima et al. 2018).
Another HSP40 isoform, DNAJB6, negatively regulates the
replication of Japanese encephalitis virus (JEV) replication by
interacting with NS3 viral protein (Cao et al. 2019), whereas
DNAJA3 was reported to play an imperative antiviral role
against foot-and-mouth disease virus (FMDV) by promoting
VP1 degradation and restoring of IFN-β signaling pathway
(Zhang et al. 2019). The above studies focus on the role of
HSP40 or HSP70 isoforms on viral infection. Even in case of
HIV-1 infection, one study in the past has indicated that few
isoforms of HSP40 restrict HIV-1 infection (Urano et al.
2013). From our mRNA expression results in HIV-1 infection,
we find that although all the HSP40 isoforms studied by
Urano et al. (DNAJA1, DNAJB1, DNAJB6, DNAJC5, and
DNAJC3) were modulated throughout the time course, only
DNAJB1, DNAJB6 (B6a and B6b), and DNAJC5 are signif-
icantly induced at the peak of infection (day 7). On the other

Table 2 List of significantly
differentially regulated isoforms
of HSP40 and HSP70 during heat
stress and HIV-1 infection in
CEM-GFP T-cells

Stress-induced isoforms

Heat stress specific Common in both HIV-1 infection specific

DNAJA1 HSPA5 DNAJA4 DNAJA3 DNAJC1 DNAJC19

DNAJA2 HSPA9 DNAJB1 DNAJB2 DNAJC2 DNAJC21

DNAJC12 DNAJB3 DNAJB6a DNAJC4 DNAJC22

DNAJC26 DNAJB4 DNAJB6b DNAJC5B DNAJC24

HSPA1L HSPA1A DNAJB9 DNAJC6 DNAJC30

HSPA8.1 HSPA1B DNAJB13 DNAJC17 HSPA13

HSPA8.2 HSPA6 DNAJB14 DNAJC18 HSPA14

412 K. Chand et al.



hand, DNAJA1 and DNAJC3 did not show significant change
in the level of mRNA expression on day 7 post-infection.
Interestingly, that study also reported that DNAJC3 was un-
able to inhibit viral production. Such a comparison
strengthens the idea that isoforms which are found to be very
significantly modulated during infection can be taken up for
further studies to understand their role in the virus life cycle.
Furthermore as mentioned earlier, our lab has previously
shown that HSP70 tends to inhibit HIV-1 replication whereas
HSP40 enhances virus replication, thus reciprocally regulat-
ing HIV-1 infection (Kumar et al. 2011). However, till date, a
comprehensive study on the role of different stress on all iso-
forms of HSP70 and HSP40 has not been published.

Therefore in this study, we have focused on the regulation
of mRNA expression of different isoforms of HSP40 and

HSP70 during two stress conditions wherein we looked into
changes due to heat stress and HIV-1 infection. Three HSP70
isoforms, HSPA1A, HSPA1B, and HSPA6, were previously
reported to be highly induced during heat stress (Kampinga
et al. 2009). The same results were obtained in our analysis
when T-cells were subjected to heat stress both with and with-
out a recovery period. The literature in case of modulation of
HSP40 isoforms during heat stress is less studied. In the pres-
ent investigation, our results clearly show that DNAJA4,
DNAJB1, and DNAJB4 were highly upregulated at mRNA
level during heat stress. Interestingly, during heat stress with-
out recovery time, three HSP40 isoformswere downregulated,
DNAJB3, DNAJC5, and DNAJC5G while there was no
downregulation in any of the HSP70 isoforms. The upregula-
tion of HSPs during heat stress is to confer the cell

Fig. 6 Graphical representation
for differential modulation of
HSP40 and HSP70 isoforms
during heat stress (with and
without recovery period) and
HIV-1 infection in CEM-GFP
cells at peak of infection (day 7)
highlighting modulated common
and unique isoforms. In case of
HSP40 isoforms, oval shape with
light green denotes upregulation,
light red denotes downregulation,
while oval with both color de-
notes opposite modulation in both
the stress conditions. In case of
HSP70 isoforms, oval shape with
dark green denotes upregulation,
dark red denotes downregulation,
while oval with both color de-
notes opposite modulation in the
two stress conditions)
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thermotolerant, protecting it from harmful effects of the heat
(Parsell et al. 1993). Thus the downregulation of three HSP40
isoforms during heat stress needs to be further studied to un-
derstand their role.

Thereafter, we looked into the regulation of HSP70 and
HSP40 isoforms during HIV-1 infection. We find that
HSP40 isoforms are differentially induced whereas many
HSP70 isoforms were significantly downregulated during
the first 5 days post-infection. At the peak of infection, when
viral load is highest, our results show that 28 isoforms of the
HSP40 family were significantly upregulated out of which
some isoforms were very highly upregulated. Only one iso-
form DNAJB6a was downregulated. On the other hand, 3
isoforms of HSP70 were downregulated at the peak of infec-
tion, in contrast to their expression during heat stress. These
results were further validated in HIV-1-infected human pe-
ripheral blood mononuclear cells (PBMCs) showing broadly
similar pattern of modulation. Collectively, various members
of HSP40-HSP70 family are differentially regulated at mRNA
level during heat stress or HIV-1 infection in T-cells. Our
results also indicate that certain isoforms are modulated both
in HIV-1 infection and heat stress (both with and without
recovery) yet some other isoforms are modulated only in
one or the other stress condition. Thus, we believe that those
isoforms that are modulated in both kinds of stresses can be
considered as general stress markers. Conversely, isoforms
modulated in only one or the other kind of stress can be
stress-specific markers.

Isoforms that are differentially expressed during heat stress
and HIV-1 infection could be involved in maintaining cellular
homeostasis during adverse conditions either in early or late
phase. Although there is very little literature on gene expres-
sion profile of HSP40 and 70 isoforms during any kind of
stress but based on the changes in mRNA expression level
observed during the two different stress conditions in our
study, we are tempted to hypothesize that those isoforms,
which are modulated in heat stress without recovery time
and early stage of HIV-1 infection could be involved in acute
response to stress, while those isoforms that are modulated
during heat stress with recovery time and late stage of HIV-
1 infection could be functional at a later stage of the stress. For
example, in our study, we find that DNAJC27 is upregulated
during heat stress without recovery time and early stage of
HIV-1 infection indicating its possible role in acute response
during stress condition. DNAJB3, DNAJB8, and DNAJC28
are upregulated in heat stress with recovery time and in late
stage of HIV-1 infection which suggests possibly their role in
chronic stress. Furthermore, reports show that DNAJB8 has
anti-aggregation activity and helps in the clearance of polyQ
protein aggregates in chronic neurodegenerative diseases
protecting cells from cell death (Hageman et al. 2010; Gillis
et al. 2013). In our study, DNAJB8 was found to be upregu-
lated during heat stress with recovery time and in late stage of

HIV-1 infection which suggests its possible role in late stage
of HIV-1 infection. In another report, DNAJA4 expression
increases during hyperthermia, which reduces the expression
of F-actin, leading to destabilizing the actin cytoskeleton, and
shows antiviral activity for human papilloma virus infection
(Liu et al. 2020). HIV-1 utilizes the cytoskeleton for entry,
internal transport, and budding out from host cells (Stolp
and Fackler 2011). In our study, we found an increased
mRNA level of DNAJA4 in both conditions of heat stress
and HIV-1 infection indicating its possible role in stress. An
isoform of HSP70, HSPA5, is upregulated only in heat stress
with recovery time, possibly as a late response. Even in case of
HIV-1 infection, our result shows its upregulation in late in-
fection. As a part of the unfolded protein response in cells,
HSPA5 initially tries to reduce the unfolded protein load,
thereby maintaining cell viability (Hetz 2012). With chronic
stress, it directs the cells towards apoptosis. Chronic stress is
seen in late HIV-1 infection. The markers of the unfolded
protein response are also reported to be upregulated with time
due to HIV-1 Tat protein (Norman et al. 2008). Other HSP70
isoforms such as HSPA1A, HSPA1B, and HSPA6 are mod-
ulated in both stress conditions and throughout HIV-1 infec-
tion, possibly because they play a role in maintaining cellular
homeostasis throughout the stress.

Such comparison of expression profile between heat stress
and HIV-1 infection and their further characterization might
help us in elucidation of their specific roles in different stress-
es. While our work shows changes in expression of different
HSP40 and HSP70 isoforms at mRNA level during two dif-
ferent stress conditions, a further study of their protein level
expression will provide a better understanding about their im-
pact in regulation of heat stress and HIV-1 virus life cycle. It
will also be conducive to investigate the HSPA-DNAJ iso-
form pairs that are involved in different stress conditions such
as heat and viral infection stress.
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