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Abstract

Heat shock factors (HSFs) are the main transcriptional regulators of the evolutionarily conserved heat shock re-
sponse. Beyond cell stress, several studies have demonstrated that HSFs also contribute to a vast variety of human
pathologies, ranging from metabolic diseases to cancer and neurodegeneration. Despite their evident role in miti-
gating cellular perturbations, the functions of HSF1 and HSF2 in physiological proteostasis have remained incon-
clusive. Here, we analyzed a comprehensive selection of paraffin-embedded human tissue samples with
immunohistochemistry. We demonstrate that both HSF1 and HSF2 display distinct expression and subcellular lo-
calization patterns in benign tissues. HSF1 localizes to the nucleus in all epithelial cell types, whereas nuclear
expression of HSF2 was limited to only a few cell types, especially the spermatogonia and the urothelial umbrella
cells. We observed a consistent and robust cytoplasmic expression of HSF2 across all studied smooth muscle and
endothelial cells, including the smooth muscle cells surrounding the vasculature and the high endothelial venules in
lymph nodes. Outstandingly, HSF2 localized specifically at cell-cell adhesion sites in a broad selection of tissue
types, such as the cardiac muscle, liver, and epididymis. To the best of our knowledge, this is the first study to
systematically describe the expression and localization patterns of HSF1 and HSF2 in benign human tissues. Thus,
our work expands the biological landscape of these factors and creates the foundation for the identification of
specific roles of HSF1 and HSF2 in normal physiological processes.
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Cells in human tissues are constantly exposed to various
intracellular and extracellular signals that challenge
cellular protein homeostasis or proteostasis. To survive
the protein damage, cells employ an evolutionarily well-
conserved protective response, termed the heat shock
response. The heat shock response is characterized by
dramatic transcriptional rewiring that is coordinated by
epigenetic enzymes and stress-responsive heat shock
factors (HSFs).' Upon acute stress, HSFs accumulate in
the nucleus and activate the transcription of genes en-
coding molecular chaperones, including the heat shock
proteins (HSPs).”” HSPs assist in the restoration of
proteostasis by promoting the refolding, clearance, and
disaggregation of misfolded proteins.” The human HSF
family consists of several members, from which HSF1
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and HSF2 are the most extensively studied.”” HSF1 is
the predominant regulator of the heat shock response
and lack of HSF1 leads to abolished stress resistance
and impaired cell survival. In addition to its funda-
mental role in acute stress, HSF1 is a critical regulator of
human pathologies, ranging from metabolic diseases to
cancer and neurodegeneration. The functional diversity
of HSF1 is reflected by the HSF1-driven gene programs,
which differ significantly in their composition between
acute stress and disease states.” In contrast to HSF1,
the importance of HSF2 in stress responses and beyond
is less understood. HSF2 is not activated by classical
acute heat-stress stimuli but acquires DNA-binding ca-
pacity in cells undergoing differentiation."”'" In the
context of stress, HSF2 has been linked with more
chronic proteotoxicity caused by elevated temperatures
of febrile range,'” prenatal alcohol exposure,'* and mild
proteasome inhibition.'*"”

Despite their evident role in cellular perturbations
and disease pathogenesis, the function of HSF1 and
HSF2 in normal physiological processes has remained
largely unexplored. Already the early findings demon-
strated that both Hsfl and Hsf2 are ubiquitously ex-
pressed in a wide range of murine tissues, including the
brain, skeletal muscle, heart, and testes,'®'” but how
HSFs contribute to normal tissue homeostasis is un-
known. Targeted deletion of mouse Hsf1 causes reduced
body and organ size and compromises reproduction
through placental insufficiency, embryonic lethality,
and impaired sperm production.'” " Hsf2-deficient
mouse models have demonstrated that lack of Hsf2
leads to extensive testicular defects, including reduced
testes size, morphologically abnormal seminiferous tu-
bules, and impaired sperm quality.”* ** Hsf2-null mice
display also brain abnormalities caused by the reduced
number of radial glia fibers and subsequent neuronal
mispositioning.”” Disruption of both Hsfl and Hsf2 re-
sults in male sterility.”” However, the HSF-dependent
molecular underpinnings of the observed phenotypes
require further investigations. Tissues are an elaborate
combination of different cell types that, together with
the specialized extracellular matrix, maintain the cor-
rect structural and functional integrity. Examination of
the cell-type specific expression and subcellular locali-
zation patterns of HSF1 and HSF2 is mandatory for the
identification of HSF-dependent molecular mechanisms
maintaining tissue homeostasis.

Here, we used a comprehensive selection of paraffin-
embedded archival human tissue material to char-
acterize the distribution of HSF1 and HSF2 in tissues
with benign morphology. We show that both HSF1 and
HSF2 display cell-type-specific subcellular localization
and expression patterns. HSF1 localizes to the nucleus

in most, but not all, cell types, whereas HSF2 is pre-
dominantly cytoplasmic. Strong nuclear expression of
HSF1 was found in all epithelial cell types, including the
simple columnar epithelia of the intestine and the lu-
minal epithelia of the breasts. In contrast, nuclear ex-
pression of HSF2 was limited to only a few cell types,
such as the spermatogonia, the urothelial umbrella
cells, and the ciliated cells of the fallopian tubes.
Intriguingly, we observed a consistent and strong cyto-
plasmic expression of HSF2 across all studied smooth
muscle tissues, including the vascular smooth muscle
cells, the uterine myometrium, and the intestinal
muscle layers. Notably, HSF2 was found to specifically
localize at cell-cell adhesion sites in a broad selection of
tissue types, including the epididymis, cardiac muscle,
and the liver. Our findings describing the tissue dis-
tribution patterns of HSF1 and HSF2 enable broadening
the view of proteostasis regulation from acute stress to
benign human physiology.

Results

HSFs mediate cellular responses to protein-damaging stress
and are tightly linked with pathological processes, but their
relevance in benign human tissues has not been explored.
To fill in this gap of knowledge, we investigated the ex-
pression and subcellular localization patterns of HSF1 and
HSF2 in epithelial, muscular and lymphoid tissues of the
circulatory, respiratory, digestive, urinary, and reproductive
systems (Figure 1(A)). All examined samples were obtained
during routine diagnostic procedures, processed and sec-
tioned. Sequential tissue sections were stained with anti-
bodies against HSF1, HSF2, alpha-smooth muscle actin
(SMA), and pan-cytokeratin (CK) (Figure 1(B)). Antibodies
against SMA and CK were included as they are commonly
used in clinical diagnostics to detect cells with contractile
and epithelial properties, respectively. Prior to the analyses,
the staining protocols were optimized for the selected an-
tibodies. Breast tissue was used as a positive control for anti-
HSF1 antibody (Figure 2(A-a)) and testis as a positive
control for anti-HSF2 antibody (Figure 2(A-e)).””** For anti-
SMA and anti-CK antibodies, uterine myometrium and
breast tissue were used as positive controls, respectively
(Figure 2(A-i,k)). Stainings with no primary antibody were
used as negative controls (Figure 2(A) middle column a-1).
To further verify the specificity and to confirm the com-
patibility of the selected HSF1 and HSF2 antibodies with
human tissue material, we examined HSF1 and HSF2 ex-
pression in human osteosarcoma U20S wild-type, HSF1
knock-out, and HSF2 knock-out cells as well as in protein
samples extracted from formalin-fixed paraffin-embedded
(FFPE) colon muscularis propria and mucosal epithelia
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Fig. 1 (A) Schematic presentation of the tissue collection of this study. The number of analyzed samples for each tissue is indicated in
brackets. (B) Schematic presentation of the sample examination procedure. Abbreviations used: CK, pan-cytokeratin; FFPE, formalin-fixed
paraffin-embedded; HE, hematoxylin and eosin; SMA, alpha-smooth muscle actin. The figure was generated with BioRender.

with immunoblotting. We found that the expression of
HSF1 and HSF2 was undetected in their respective knock-
out cell lines, whereas specific immunoreactive bands of
HSF1 and HSF2 were observed in both colonic sample
types (Figure 2(B)). These findings confirmed that the se-
lected antibodies were applicable for the detection of HSF1
and HSF2 in human tissue samples. Following optimiza-
tion, the stainings of sequential tissue sections were ana-
lyzed by two independent pathologists, and the scoring
results are presented in Table 1.

Skin

The skin is the largest organ of the human body. Its
main function is to act as a protective shield against
environmental insults, such as mechanical and che-
mical injuries, and to regulate body temperature. The

outermost layer of the skin is called epidermis, and it is
a keratinized stratified squamous epithelium. The epi-
dermis is predominantly composed of keratinocytes, but
harbors also other cell types, including the neural crest-
derived melanocytes that produce melanin and
Langerhans cells contributing to immune responses.
The dermis lies directly underneath the epidermis and
contains, e.g., blood vessels, hair follicles, muscles,
sensory neurons, and sweat glands, all embedded in
connective tissue. In the skin, HSF1 was strongly ex-
pressed in the nucleus and cytoplasm of all examined
cell types, including the CK-positive basal and surface
keratinocytes (Figure 3(A)), hair follicle epithelial cells,
and the ductal epithelium of the sebaceous glands. In
contrast, HSF2 displayed only a weak and patchy nu-
clear expression in basal keratinocytes, whereas, in the
surface keratinocytes, a moderate and membranous
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Fig. 2 Validation of the antibodies in selected tissues. (A) Stainings with no primary antibody were used as negative controls for
antibody specificity. For HSF1 stainings, breast tissue (a), aortic wall and a peripheral nerve (*) (b), red pulp of the spleen (c), and
lymphatic follicle (d) are presented. For HSF2 stainings, testis (e), small intestine (f), epididymis (g), and skeletal muscle and an
artery (*) (h) are presented. For alpha-smooth muscle actin (SMA), myometrium and an artery (*) (i) and testis (j) are presented. For
pan-cytokeratin (CK), breast tissue (k) and endometrial gland (1) are presented. Scale bar 100 um. (B) Immunoblot analysis of HSF1
and HSF2 in U20S wild-type (WT), HSF1 knock-out (1KO), and HSF2 knock-out (2KO) cells, and in FFPE colon muscularis externa
(Mu) and colon mucosal epithelia (Ep). f-tubulin was used as a loading control. Abbreviations used: FFPE, formalin-fixed paraffin-

embedded; HE, hematoxylin and eosin.

HSF2 expression was observed (Figure 3(A)). The
dermal sweat glands are composed of coiled tubules,
which secrete the sweat, and excretory ducts that empty
the secretion into hair follicles or to the surface of the
skin. The secretory glandular epithelium is surrounded
by myoepithelial cells, which function as structural
support against hydrostatic pressure.”” The ductal por-
tion harbors two layers of epithelial cells, the luminal
and basal cells, and helps in the reabsorption of ions. In
contrast to HSF1, which was expressed in all cell types
of the sweat glands (Figure 3(B)), we found that HSF2 is
expressed specifically in the cytoplasm of the glandular
SMA-positive myoepithelial cells, and also localized at
the apical membrane of the ductal luminal cells in-
dicated by the lack of SMA staining (Figure 3(B)). These
are the first evidence to demonstrate that HSF1 and
HSF2 have clearly divergent expression patterns in in-
tact human tissues. Moreover, these results show that
the subcellular localization of HSF2 varies markedly
between cells with different phenotypes.

Muscular tissues

The main function of muscular tissues is to provide con-
tractility in the location they reside. The human body
harbors three different types of muscle tissue, i.e., skeletal
muscle, cardiac muscle, and smooth muscle, which differ in
their structural and functional properties. The skeletal
muscle tissue consists of elongated multinucleated myo-
tubes that organize as prominently cross-striated myofibers.
We analyzed the transverse and longitudinal sections of
skeletal muscles and found that HSF1 is strongly expressed
in the nuclei and cytoplasm of myofibers, whereas HSF2
expression is rather weak and exclusively cytoplasmic
(Figure 4(A) and (B)). The skeletal myofibers can be cate-
gorized into two different fiber types based on their con-
tractile and metabolic properties. The slowly twitching type
I fibers generate ATP mainly through oxidative metabo-
lism, while the fast twitching type II fibers have a high
glycolytic capacity. The proportion of the type I and type II
fibers varies between skeletal muscles, and the chessboard-
like distribution of fiber types can be identified with addi-
tional staining methods, e.g., immunohistochemical typing
of myosin heavy chains. Interestingly, the intensity of
both HSF1 and HSF2 stainings varied between adjacent

myofibers, suggesting that the expression of HSFs might be
fiber-type specific (Figure 4(A) and (B)).

The cardiac muscle tissue is composed of branched
and striated cardiomyocytes, which contract in a co-
ordinated and rhythmic manner. The rhythmic con-
traction of the cardiac tissue is ensured by end-to-end
coupling of the cardiomyocytes through specialized
adhesion complexes, called intercalated discs. The in-
tercalated discs contain a multitude of different cell
adhesion contacts, including desmosomes and adherens
junctions that provide mechanical strength, and gap
junctions and sodium channels that allow the propa-
gation of excitation. By analyzing the transverse and
longitudinal sections of cardiac muscle tissue, we ob-
served strong HSF1 and weak HSF2 expression in the
nucleus and cytoplasm of cardiomyocytes (Figure 5(A)
and (B)). Strikingly, analysis of the longitudinal sections
also showed that HSF1 and HSF2 localize specifically to
the intercalated discs mediating cell-cell adhesion
(Figure 5(B)). This finding is particularly intriguing
considering the recent findings linking HSF2 to the
maintenance of cell-cell adhesion contacts.'**’

The smooth muscle tissue is widely distributed in the
human body, as it constitutes the musculature of all
internal organs, the digestive system, and the vascu-
lature. In all of these locations, the tissue is composed of
spindle-shaped unstriated smooth muscle cells with a
single centrally located nucleus. Although the func-
tional role of smooth muscle varies between the organ
systems, the involuntary regulation of smooth muscle
by the nervous system is mandatory for organismal
homeostasis. In the vascular system, the smooth muscle
cells surrounding the endothelia are essential for the
regulation of blood pressure and flow resistance, but in
the urinary tract, they provide elasticity and maintain
electrolyte balance by promoting urine flow. In the
gastrointestinal tract, the smooth muscle cells ensure
the propulsion of food, whereas the uterine smooth
muscle generates pregnancy-associated contractions. As
examples of smooth muscle tissues, we present here the
smooth muscle layer of the bladder (Figure 6(A)), the
vascular smooth muscle cells surrounding an artery
(Figure 6(A)), and the outer longitudinal muscle layer of
the colon (Figure 6(B)). In these samples, HSF1 was
strongly expressed both in the nucleus and cytoplasm of



Joutsen et al.

240

- - 0 Ie3[dONN +¢ swdsAs uedio ardnnp sa1400d1py

- orwserdolf) +1 JespnN 29 orwse[doif) +¢ swdsAs uedio ardnn S[[90 UUBMYIS

- QUBIQUISIA +1 Ie3[ONN +¢ s1isajeIRd 1199 Teroylids Ternonsajered

- IeapnN 29 orwse[doif) +z IeaponN 29 orwse[doif) +€ £y1aed TRUTWOPQY 1199 TeIOYIOSIN

- orwserdolf) +z JesponN 29 orwse[doif) +¢ XIAIS00pUY 1199 TereyIds TediaId0pUg

- orwse[dolf) +1 Ied[onN 29 orwse[doif) +¢ paurwexd [[v ISe[qOIqI]

w Te3[ONN +1 IeaponN 29 orwse[doif) +¢€ aqn) aurIa)N 1199 pajeresIajur
T orwse[dolf) +1 JearonN 29 otwse[dojf) +¢€ aqn} duLIRIN 1199 TeIRY3IIda snoiss
1 orwse[dolf) +z IeaponN 29 orwse[doif) +€ WNI}WOPUH 1199 TerPyiida Termewopuy
0T orwserdolf) +1 JesponN 2 orwse[doif) +¢ Jsearg wnippyids jonp jsearg
0T orwse[dolf) +z Ied[onN 29 orwse[doif) +¢ Jsearg S[199 Te1e3IdooAN
0c orwserdolf) +1 JespnN 29 orwse[doifD +Z 1SB2Ig 190 IeUDY
6T QUBIQUIdIA +1 Ied[onN 29 orwse[doif) +€ SUSIdJOp SeA 1199 TereyIIds SULIdJap SBA
61 SNOUBIQUIdIN +1 IespnN 29 orwse[doif) +¢ stwApipidg S[[99 [erPyIdg
8T Ied[onN +¢ IB3[ONN +¢ SNSaT, eruogojewrrads
LT Te3[ONN +z IeaponN 29 orwse[doif) +€ I9ppeIq ‘SIA[ (ST[99 B[RIqUIN) WNIAYIOIN
L1 orwserdolf) +C JespnN 2 orwse[doif) +€ Iappe[q ‘SIATR] wnipyloin
91 orwserdolf) +1 IeaONN 29 orwse[doif) +7 Aaupry (3onp Suno9r0d) 129 TerEYIdy
91 orwserdolf) +z IespnN 29 orwse[doif) +¢ Aaupry (s1ngny "AUO0d ISIP) 1[99 TereyIdg
91 orwse[dol£f) +1 JeaponN 29 otwse[dojf) +1 Asupry] (smqny Aauod xoid) 190 TerEYIIdT
ST - +1 - 0 IoAI'T Toreued Arerig
ST orwserdolf) +7 JespnN 2 orwse[doif) +z JOATT wniyids Aremig
ST - 0 Ied[onN +¢ I9ATT 1[99 [epIOSNUIS ISATT
ST - 0 orurse[dolf) +z JOAT] sa1k001edof
$1 - 0 IesponN 29 drwse[doif) +C SeaIouRq [[90 TeuY
$1 orwserdolf) +1 IespnN 29 orwse[doifD +¢ searoued S[[99 19[SI sueyId3ue]
T ‘71 orwserdolf) +z JeaponN 29 otwse[dolf) +¢ wnjoal ‘uofo) 91A00191Uyg
11 orwserdolf) +z Ied[onN 29 orwse[doif) +¢ aunsaul [[ewsS ho0103ug
01 ‘6 - 0 JesonN 29 orwse[doif) +€ sSuny ‘sopou ydwAy sa3eydoIoeN
6 orwserdoif) +1 oruse[dolf) +¢ sopou ydwAg S[[90 ewSe[d

6 ‘8 - 0 Jed[donN (Ayoreq) +¢ swoysAs uedio ordnnN sa1400ydwA
L - 0 IeaponN 29 orwse[doif) +€ soAIdu Teroydirog WNLINAULID]

L orwse[dolf) +z IeapdnN 29 orwse[doif) +€ saAIau Teraydireg S[[90 UUBMYDS WNLINdUOpUg

L orwserdolf) +¢ IesonN 29 orwse[doif) +€ [[eM dunsau] S[[90 uorSuen

0T ‘6 ‘8 ‘9 orwse[dolf) +z Ied[onN 29 orwse[doif) +¢ paururexs [[v 1199 [elPyIopurg
9 orwserdolf) +z JesponN 29 orwse[doifD +€ paurwexd v 1[99 S[oSNUI [[BM [3SSIA

12 ‘6T ‘9 orwse[dolf) +z Ied[onN 29 orwse[doif) +¢ paurwexs v 1199 S[osnw yjoowrs
S - +z - +7 JIeoH (sosIp pareresIdul) 9)KA00AWOIpIE)

S orwserdolf) +1 IesponN 2 orwse[doif) +¢< 1189 K004 wo1pIe)

¥ orwse[dolf) +1 IeaponN 29 orwse[doif) +€ pauTwexs [y 1[92 S[osnuW [e19[S

- Ied[ONN (Ayxeqd) +1 IesonN 29 orwse[doif) +€ st S[199 TerEIIds pue[d snosdeqas

€ Ied[onN (Ayored) +1 Ied[onN 29 orwse[doif) +€ sTuIa S[199 TerEIda 9o1[[0] ITeH

€ orwserdolf) +¢ JesponN 29 orwse[doif) +¢ st S[[99 TereyIIdeoAw j1onp jeams

€ SNOUBIQUISIA +1 IedronN 29 orwse[doif) +€ SIuLI_ wniEeyds jonp jeams

€ SNOUBIQUISA +z IeaponN 29 orwse[doif) +¢€ srurropidy s9)Ko0uT)eIdy 90BJINS

€ IeS[ONN (Ayxeqd) +1 JesponN 2 orwse[doif) +€ sruraprdy s91400uneIay [eseq
a1ngry uoneziedo] ZASH Aysuyut ZISH uoneziedo] T4SH Asuayul T4SH (s)uedip adAy 119D

*(Suoms = ¢ ‘vyerdpowr = g Yeam = 1) sisiSojoyred jJuspuadopur om) Aq pajenfead sem ZISH pue TISH JO UOIIEZI[EI0] Je[N[[3Iqns pue uorssaxdxy

L 31qeL



HSF1 and HSF2 in human tissues 241

Fig. 3 Cross-section of the skin. (A) HSF1 is strongly expressed in the nucleus and cytoplasm of all examined cell types including the
CK-positive basal and surface keratinocytes. HSF2 expression in basal keratinocytes is weak and patchy. In the surface keratinocytes,
moderate and membranous HSF2 expression is observed. Scale bar 100 um. (B) Dermal sweat gland. HSF1 is expressed in all cell
types of the sweat glands. HSF2 localizes specifically in the cytoplasm of SMA-positive myoepithelial cells and at the apical
membrane of the ductal luminal cells indicated by lack of SMA staining. In the HSF2 inset, the arrowhead indicates cytoplasmic
HSF2 expression in the myoepithelial cells of the secretory ducts. The open arrowhead indicates HSF2 localization to apical plasma
membrane in the luminal cells of the excretory duct. Scale bar 250 um. Abbreviations used: CK, pan-cytokeratin; D, dermis; E,
epidermis; HE, hematoxylin and eosin; SMA, alpha-smooth muscle actin.
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Fig. 4 Cross-section of skeletal muscle tissue. HSF1 is strongly expressed in the nuclei and cytoplasm of myofibers, while HSF2
expression is weak and exclusively cytoplasmic. The intensity of both HSF1 and HSF2 stainings varies between adjacent myofibers.
(A) Transverse section. Scale bar 100 um. (B) Longitudinal section. Scale bar 250 um. Abbreviations used: CK, pan-cytokeratin; F,
muscle fascicle; HE, hematoxylin and eosin; MF, muscle fiber; SMA, alpha-smooth muscle actin.
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Fig. 5 Cross-section of cardiac muscle tissue. (A) Transverse section of cardiac tissue. Strong HSF1 and weak HSF2 expression is
observed in the nucleus and cytoplasm of cardiomyocytes. (B) Longitudinal section of cardiac tissue. HSF1 and HSF2 localize
specifically to the intercalated discs connecting cardiomyocytes. The HSF1 and HSF2 insets highlight the localization to intercalated
discs. Scale bar 100 um. Abbreviations used: CK, pan-cytokeratin; HE, hematoxylin and eosin; SMA, alpha-smooth muscle actin.
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Fig. 6 Cross-section of smooth muscle tissue. HSF1 is strongly expressed both in the nucleus and cytoplasm of the smooth muscle
cells. HSF2 expression is moderate and it localizes exclusively in the cytoplasm. (A) Urinary bladder. In the HSF1 and HSF?2 insets,
the arrowhead indicates the nucleus of a smooth muscle cell. Scale bar 100 pm. (B) Muscularis externa of the colon. In the HSF1 and
HSF?2 insets, the arrowhead indicates the nucleus of a smooth muscle cell. Scale bar 100 um. Abbreviations used: A, artery; CK, pan-
cytokeratin; HE, hematoxylin and eosin; M, muscle layer; SMA, alpha-smooth muscle actin.
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smooth muscle cells (Figure 6(A) and (B)). HSF2 was
also moderately expressed in smooth cells, but localized
exclusively in the cytoplasm (Figure 6(A) and (B)).
Strikingly, an examination of other smooth muscle tis-
sues included in our sample set revealed that the HSF2
signal is detected in the cytoplasm of all smooth muscle
cells. To the best of our knowledge, this is the first study
to describe a consistent and comprehensive cytoplasmic
localization of HSF2 in smooth muscle cells. Due to the
consistency of our findings, we compared our results to
the HSF1 and HSF2 tissue expression patterns pre-
sented in the Human Protein Atlas (HPA, www.
proteinatlas.org, 2023). In support of our results, HSF1
displays prominent nuclear and cytoplasmic expression
also in smooth muscle cells samples of the HPA tissue
collection (e.g., Gallbladder, ID2446, Uterus, 1D2225),
while the expression of HSF2 is moderate and solely
cytoplasmic (e.g., Prostate, ID2932; Urinary bladder,
ID3184; Endometrium, ID1488). Altogether, these re-
sults describe a prominent expression pattern of HSFs in
smooth muscle tissues and indicate HSFs as putative
contributors in smooth muscle tissue homeostasis.

Peripheral nerves

The human nervous system is a complex network of
functionally divergent neurons that can be anatomically
divided into the central nervous system (CNS) and the
peripheral nervous system. The CNS comprises the brain
and the spinal cord, while the peripheral nervous system
includes nerve fibers that provide organ innervation.
Peripheral nerve fibers are composed of axons and den-
drites, which in myelinated fibers are surrounded by a
myelin sheath derived from Schwann cells. The nuclei of
Schwann cells are visible in the cross-section of peripheral
nerves. We found that HSF1 is strongly expressed in the
nucleus and cytoplasm of most but not all Schwann cells
and in the fibroblast-like perineural cells encapsulating the
nerve fascicle (Figure 7(A)). In contrast, HSF2 was only
weakly expressed in the cytoplasm of some Schwann cells
and no signal of HSF2 was observed in the perineurium
(Figure 7(A)).

The innervation of the intestinal wall is covered by
nerve plexuses that harbor sympathetic and para-
sympathetic fibers, satellite cells, Schwann cells, and
ganglion cells that innervate the intestinal smooth
muscle, the blood vessels, and the intestinal glands.
Myenteric plexus is the major nerve supply responsible
for intestinal movement and it is located between the
circular and longitudinal layers of the intestinal mus-
cularis externa. The ganglion cells within the myenteric
plexus are large multipolar neurons with a prominent
nucleolus. By investigating the myenteric plexus in our

gastrointestinal tissue samples, we found that HSF1 is
strongly expressed in the nucleus and cytoplasm of
ganglion and satellite cells, whereas HSF2 is expressed
only in the ganglion cells and localizes specifically to the
cytoplasm (Figure 7(B)).

Lymphatic system

The main function of the lymphatic system is to main-
tain the body’s fluid balance and regulate immune re-
sponses. The lymphatic system is built by a network of
lymphatic vessels, lymphatic organs and tissues, and the
lymph. The generation of lymphocytes from immature
progenitors occurs in primary lymphatic organs, the
bone marrow, and the thymus. Mature lymphocytes are
stored in secondary lymphatic organs, the spleen, and
the lymph nodes, which serve as platforms for the in-
itiation of the adaptive immune response. We in-
vestigated the expression and subcellular localization of
HSF1 and HSF2 in tissue samples from the spleen and
lymph nodes.

The spleen is an encapsulated organ that can be struc-
turally divided into splenic pulps: the white pulp and the
red pulp. The white pulp entails the lymphatic tissue that is
arranged as periarterial lymphoid sheaths composed of
mature T-cells and as splenic follicles containing B-cells,
macrophages, and dendritic cells. The major components of
the red pulp are the splenic cords and the venous sinuses,
which together mediate the filtering and recycling of red
blood cells. The venous sinuses are formed by endothelial
cells with nuclei bulging into the lumen of the sinus. We
detected a moderate nuclear expression of HSF1 in all
lymphocytes present in the white pulp (Figure 8(A)).
No signal of HSF2 was detected in splenic lymphocytes
(Figure 8(A)). Both HSF1 and HSF2 signals were observed
in the sinusoidal endothelial cells of the red pulp
(Figure 8(B)). In these cells, HSF1 localized to both the
nucleus and cytoplasm, which is in sharp contrast to HSF2
that was found exclusively in the cytoplasm of the en-
dothelial cells (Figure 8(B)).

Lymph nodes are small bean-shaped organs that arrange
along the lymphatic vessels. The primary function of lymph
nodes is to filter lymph for the identification of infectious
agents. Each lymph node is covered by a connective tissue
capsule that extends as trabeculae into the substance of the
tissue. The parenchyma of the lymph node is classified into
three regions: the cortex that contains B-cell lymphoid fol-
licles, the paracortex containing T-cells, and the medulla
harboring medullary cords and sinuses. A secondary lym-
phoid follicle is composed of a germinal center that is
surrounded by a mantle zone and diffuse lymphatic tissue.
In line with our findings from the spleen, HSF1 was
strongly expressed in the nucleus of the lymphocytes of
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Fig. 7 Cross-section of peripheral nerves. (A) Nerve fiber adjacent to spleen. HSF1 is strongly expressed in the nucleus of most but not all
Schwann cells and in the fibroblast-like perineural cells encapsulating the nerve fascicle. In the HSF1 inset, the arrowhead indicates an
HSF1-positive Schwann cell nucleus. Scale bar 50 um. (B) Myenteric plexus in the intestinal wall. HSF1 is strongly expressed in the nucleus
and cytoplasm of ganglion and satellite cells, while HSF2 is expressed only in the ganglion cells and localizes to the cytoplasm. The HSF2
inset highlights the cytoplasmic expression of HSF2 in the ganglion cells. Scale bar 100 um. Abbreviations used: CK, pan-cytokeratin; HE,
hematoxylin and eosin; Me, muscularis externa; NF, nerve fiber; SMA, alpha-smooth muscle actin; V, vein.



HSF1 and HSF2 in human tissues 247

RS
s R

Fig. 8 Cross-section of the spleen. (A) Moderate nuclear expression of HSF1 is detected in all lymphocytes present in the white pulp.
No signal of HSF2 is detected in splenic lymphocytes. (B) HSF1 and HSF?2 signals are detected in the sinusoidal endothelial cells of
the red pulp. The HSF1 and HSF2 insets highlight sinusoidal endothelial cells. Scale bar 100 um. Abbreviations used: A, central
arteriole; CK, pan-cytokeratin; HE, hematoxylin and eosin; MZ, marginal zone; RP, red pulp; SMA, alpha-smooth muscle actin; VS,

vascular sinusoids; WP, white pulp.
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lymphatic follicles, whereas no lymphocytic signal of HSF2
could be detected (Figure 9(A)). The major gateways for
lymphocyte entry into lymph nodes are specialized post-
capillary vessels termed high endothelial venules (HEVs).
The HEVs reside exclusively in the cortical region of lymph
nodes and are characterized by cuboidal endothelial cells
that differ morphologically from the flat endothelial cells
lining other types of vessels. We found that both HSF1 and
HSF2 were expressed in the endothelial cells of the HEVs
(Figure 9(B)). Similarly to the flat splenic endothelial cells,
HSF1 localized in both the nucleus and cytoplasm of the
HEV endothelial cells, and HSF2 was localized only in the
cytoplasm. Of note, a full analysis of our tissue collection
revealed that HSF1 and HSF?2 are, in fact, expressed in all
studied endothelial cells in a manner similar to the ex-
amples from lymphoid tissues. Together with our findings
demonstrating HSF1 and HSF2 signals in vascular smooth
muscle cells (Figure 6(A)), these results show that HSFs are
strongly expressed in the key cell types of human vascu-
lature.

Lung

The functional unit of the lungs includes respiratory
bronchioles, alveolar ducts, alveolar sacs, and alveoli. The
respiratory bronchioles are lined by ciliated simple co-
lumnar respiratory epithelium, and the wall contains an
incomplete layer of smooth muscle fibers embedded in
connective tissue. We found that HSF1 is strongly expressed
in the nucleus and cytoplasm of the CK-positive respiratory
epithelial cells (Figure 10(A)). HSF2 was not found in the
respiratory epithelia, but it displayed moderate expression
in the cytoplasm of the SMA-positive smooth muscle cells
of respiratory bronchioles and arteries (Figure 10(A)). Pul-
monary gas exchanges occur in the alveoli, which are cup-
shaped cavities surrounded by a network of small capil-
laries. There are three major types of alveolar cells, type I
and type II pneumocytes and the alveolar macrophages.
Type I cells are extremely thin squamous epithelial cells
that mediate the gas exchange between the blood and the
alveoli. Type II cells are more cuboidal and responsible for
the secretion of pulmonary surfactant. Alveolar macro-
phages reside in the alveolar cavity and are often called dust
cells due to their engulfiment of foreign particles. The used
antibodies cannot reliably distinguish between the type I
and type II pneumocytes. However, HSF1 was strongly
expressed in the nucleus and cytoplasm of the CK-positive
epithelial cells lining the alveoli (Figure 10(A) and (B)).
Also, the intra-alveolar macrophages displayed strong ex-
pression of HSF1, which surprisingly was found to localize
only in the cytoplasm of individual cells (Figure 10(B)).
HSF2 was undetectable in alveolar epithelial cells (Figure
10(A) and (B)), but a moderate cytoplasmic expression in

alveolar macrophages and in the endothelial cells forming
the pulmonary capillaries was observed (Figure 10(B)).

Intestine

The intestine composes the lower part of the gastro-
intestinal tract and consists of the small intestine and
the large intestine. The small intestine is further divided
into the sections of the duodenum, jejunum, and ileum,
which function together in the absorption of digestive
products. Although the sections differ to some extent in
their histological structure, the whole small intestinal
mucosa is covered by simple columnar epithelium
consisting of a few major cell types. The enterocytes
form the microvilli-covered brush border and are thus
the main absorptive cell type. The Goblet cells are re-
sponsible for the production of mucus, whereas the
enteroendocrine cells regulate digestive functions
through peptide hormones. In our samples of the small
intestine, HSF1 was strongly expressed in the nucleus
and cytoplasm of the CK-positive enterocytes but loca-
lized only to the cytoplasm of individual Goblet cells
(Figure 11). HSF2 displayed a moderate cytoplasmic
expression pattern in the enterocytes with a possible
concentration on the apical junctional complex under-
lining the microvilli. In support of our findings, cyto-
plasmic and membranous HSF2 localization is reported
also in the small intestinal samples of the HPA (ID3852,
ID2450, and 1D1879). Importantly, the samples of HPA
show localization of HSF2 at the epithelial apical junc-
tional complex that serves as the foundation for the
intestinal barrier.

The large intestine is subdivided into cecum, colon,
rectum, and the anal canal, and it functions in the ab-
sorption of water and salts. Similarly to the small intestine,
the wall of the large intestine is lined by simple columnar
epithelium with enterocytes, Goblet cells, and enteroendo-
crine cells. In the colon, the epithelium invaginates into
colonic crypts with intestinal stem cells localized in the
bottom of the crypts. By analyzing the longitudinal and
transverse sections of the crypts, we found that HSF1 is
present in the nucleus and cytoplasm of the colonic en-
terocytes, but localizes only to the cytoplasm of the Goblet
cells (Figure 12(A) and (B)). Weak expression of HSF2 was
detected in the cytoplasm of the enterocytes and in the
SMA-positive smooth muscle cells forming the muscle fi-
bers of intestinal muscularis mucosa (Figure 12(A) and (B)).
The microanatomy of the rectum is similar to the rest of the
intestinal tract. The rectal enterocytes showed strong ex-
pression of HSF1 in the nucleus and cytoplasm, whereas
only moderate expression of HSF2 was observed in the
cytoplasm (Figure 13). In line with our results from small
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Fig. 9 Cross-section of a lymph node. (A) Lymphatic follicle at the outer cortex of a lymph node. HSF1, but not HSF2, is strongly
expressed in the nucleus of lymphocytes of lymphatic follicles. (B) High endothelial postcapillary venules. Both HSF1 and HSF2 are
expressed in the endothelial cells, where HSF1 localizes in the nucleus and the cytoplasm and HSF2 in the cytoplasm. The HSF1 and
HSF2 insets highlight the endothelial cells of the postcapillary venules. Scale bar 250 um. Abbreviations used: C, capsule; CK, pan-
cytokeratin; GC, germinal center; HE, hematoxylin and eosin; MZ, mantel zone; SMA, alpha-smooth muscle actin.
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Fig. 10 Cross-section of the lung. (A) HSF1 is expressed in the nucleus and cytoplasm of CK-positive respiratory epithelial cells and
pneumocytes. HSF2 is undetectable in the respiratory epithelia but displays moderate expression in the SMA-positive smooth muscle
cells of respiratory bronchioles and arteries. Scale bar 100 um. (B) Alveolar macrophages. HSF1 displays strong expression in alveolar
macrophages, where it localizes in the nucleus and cytoplasm of most but not all cells. Moderate expression of HSF2 is detected in
the alveolar macrophages and the endothelial cells of pulmonary capillaries. In the HSF1 inset, the arrowhead indicates absence of
nuclear HSF1 in individual alveolar macrophages. In the HSF2 inset, the open arrowhead indicates cytoplasmic expression of HSF2
in the pulmonary capillary endothelia. Scale bar 100 um. Abbreviations used: A, pulmonary artery; Al, alveolus; CK, pan-cytokeratin;
HE, hematoxylin and eosin; RB, respiratory bronchiole; SMA, alpha-smooth muscle actin.
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Fig. 11 Cross-section of the small intestine. HSF1 is strongly expressed in the nucleus and cytoplasm of the CK-positive enterocytes
but localizes only to the cytoplasm of Goblet cells. HSF2 displays moderate cytoplasmic expression pattern in the enterocytes with a
putative concentration at the apical junctional complex underlining the microvilli. In the HSF1 inset, the arrowhead indicates
absence of nuclear expression of HSF1 in a Goblet cell. In the HSF2 inset, the open arrowhead indicates concentration of HSF2 at
the apical adhesion belt. Scale bar 100 um. Abbreviations used: CK, pan-cytokeratin; HE, hematoxylin and eosin; SMA, alpha-smooth

muscle actin.

intestinal and colonic samples, the rectal Goblet cells lacked
nuclear HSF1 expression (Figure 13).

Pancreas

The pancreas is an elongated glandular organ that regulates
both the digestive and endocrine systems of the human
body. The majority of the pancreatic tissue has an exocrine
role and organizes as small acini secreting digestive en-
zymes into the intercalated pancreatic ducts. The acinar
cells are pyramid-shaped cells with large cytoplasmic
granules and a nucleus localized close to the basement
membrane. HSF1 was moderately expressed in the nucleus
and cytoplasm of the acinar cells, while no signal of HSF2
could be observed in these cells (Figure 14(A)). The inter-
calated ducts drain into intralobular ducts, which ulti-
mately converge to the main pancreatic duct. The
pancreatic ductal network is composed of simple columnar
epithelium with a thin layer of surrounding connective
tissue. Similarly to other epithelial cell types, HSF1 was
strongly expressed in the nucleus and cytoplasm of the
ductal cells (Figure 14(A)). Interestingly, weak cytoplasmic

expression of HSF2 was also observed in the intralobular
pancreatic duct epithelia (Figure 14(A)).

The endocrine pancreas is organized as separate pan-
creatic islets, also called the islets of Langerhans, that are
surrounded by the exocrine acini. Pancreatic islets contain a
variety of different cell types, including the a-cells secreting
glucagon, {3-cells secreting insulin, and the endothelial cells
forming the small arterioles that allow hormone entry into
the systemic circulation. Strikingly, both HSF1 and HSF2
displayed strong signals in distinct endocrine islet cells,
with HSF1 localizing in the nucleus and cytoplasm, and
HSF2 exclusively in the cytoplasm (Figure 14(B)). As the
used tissue markers (CK and SMA) are not sufficient to
identify distinct cell phenotypes, one can only speculate on
the cell-type specificity of HSF expression. Previous in-
vestigations of the islet architecture have revealed that in
the human pancreas, 3-cells often localize as lobules that
are surrounded by a mantle of a-cells and other endocrine
cell types.” Considering the cytoplasmic expression of
HSF2 in the outermost islet cells (Figure 14(B)), it is pos-
sible that HSF2 resides specifically in the c-cells. However,
further studies should conclusively determine the cell-type-
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Fig. 12 Cross-section of the colon. HSF1 is present in the nucleus and cytoplasm of the colonic enterocytes, but localizes only to the
cytoplasm of the Goblet cells. Weak expression of HSF2 is detected in the cytoplasm of the enterocytes and in the SMA-positive
smooth muscle cells forming the intestinal muscularis mucosa. (A) Longitudinal section. The HSF1 and HSF2 insets highlight the
stem cell compartment of colonic crypts harboring the stem cells and Paneth cells. Scale bar 250 um. (B) Transverse section. In the
HSF1 and HSF2 insets, the arrowheads indicate absence of nuclear expression of HSF1 and HSF2 in Goblet cells. Scale bar 100 um.
Abbreviations used: C, colonic crypt; CK, pan-cytokeratin; HE, hematoxylin and eosin; MM, muscularis mucosae; SMA, alpha-

smooth muscle actin.
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Fig. 13 Cross-section of the rectum. The rectal enterocytes show strong expression of HSF1 in the nucleus and cytoplasm, whereas
only moderate expression of HSF2 is observed in the cytoplasm. In the HSF1 and HSF2 insets, the arrowheads indicate absence of
nuclear expression of HSF1 and HSF2 in Goblet cells. Scale bar 100 um. Abbreviations used: CK, pan-cytokeratin; HE, hematoxylin

and eosin; SMA, alpha-smooth muscle actin.

specific expression patterns of HSF1 and HSF2 in the en-
docrine pancreas.

Liver

The liver is the largest internal organ, and it has a ple-
thora of functions relevant to organismal homeostasis,
including detoxification of metabolic waste products,
synthesis of plasma proteins, and secretion of bile acids.
The organ is structured by hexagonal hepatic lobules
that harbor hepatocytes and sinusoids radiating from
the central vein toward the periphery of the lobule. The
polyhedral hepatocytes are responsible for nearly all
functions of the liver, whereas the sinusoids carry blood
from the hepatic artery and portal vein to the central
vein. The sinusoids are lined by hepatic sinusoidal en-
dothelial cells and accommodate the liver macrophages,
the Kupffer cells. Interestingly, we found that HSF1 is
undetectable in the nuclei of benign hepatocytes but
shows a strong nuclear signal in the sinusoidal phago-
cytic Kupffer cells (Figure 15(A)). These findings are in
line with the HPA and with recent findings, demon-
strating nuclear expression of HSF1 only in cirrhotic
hepatocytes.”” The adult hepatocytes have three distinct

membrane domains, i.e., sinusoidal, lateral, and cana-
licular, of which the canalicular membrane domain is
responsible for forming the bile canalicular network
that transports bile to the portal triad and to the in-
trahepatic bile ducts. The canaliculi are surrounded by
lateral membrane domains that serve as active sites of
cell-cell adhesion and are thus essential for the forma-
tion of the blood-bile barrier.”> Albeit HSF2 was un-
detectable in the nucleus or cytoplasm of the
hepatocytes or the sinusoidal cells, HSF2 was clearly
localized in the canaliculi (Figure 15(A)). These results
provide yet another example of HSF2 localizing at
cell-cell adhesion contacts.

Portal triads reside at the junctions of hepatic lobules
and consist of portal veins, hepatic arteries, bile ducts,
and lymphatic vessels. Portal veins are large in diameter
and carry nutrient-enriched and toxin-enriched blood
from the gastrointestinal tract to the liver sinusoids. The
bile in the interlobular bile ducts flows in the opposite
direction and empties into the common hepatic bile
duct. Intrahepatic bile ducts are lined by cuboidal epi-
thelial cells, so-called cholangiocytes, that modify
the hepatocyte-derived bile. In agreement with other
samples containing vasculature, we observed a strong
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Fig. 14 Cross-section of the pancreas. (A) Intralobular pancreatic duct surrounded by acinar cells. HSF1 is strongly expressed in the
nucleus and cytoplasm of the ductal cells, but HSF2 expression is weak. In the acinar cells, HSF1 expression is moderate in the
nucleus and cytoplasm, while no signal of HSF2 is observed. (B) Islet of Langerhans. Both HSF1 and HSF2 display strong signal in
distinct endocrine islet cells, with HSF1 localizing in the nucleus and cytoplasm, and HSF2 exclusively in the cytoplasm. Scale bar
100 um. Abbreviations used: Ac, acinar cells; CK, pan-cytokeratin; HE, hematoxylin and eosin; IL, Islet of Langerhans; SMA, alpha-
smooth muscle actin.



HSF1 and HSF2 in human tissues 255

(RG]

¥ .‘.". "

Fig. 15 Cross-section of the liver. (A) The hepatocytes and sinusoids. HSF1 is undetectable in the nuclei of hepatocytes but shows
nuclear signal in the Kupffer cells. No signal of HSF2 is observed in the nucleus or cytoplasm of hepatocytes. HSF2 localizes to bile
canaliculi. In the HSF1 inset, the arrowhead indicates HSF1 localization to sinusoidal Kupffer cells. In the HSF2 inset, the open
arrowhead indicates HSF2 localization to bile canaliculus. (B) Portal triad. Expression of HSF1 is observed in the nucleus and
cytoplasm of endothelial and smooth muscle cells and in the CK-positive cholangiocytes. HSF2 is expressed only in the cytoplasm of
endothelial and smooth muscle cells. Scale bar 100 um. Abbreviations used: A, artery; BD, bile duct; CK, pan-cytokeratin; HE,
hematoxylin and eosin; PT, Portal triad; PV, portal vein; SMA, alpha-smooth muscle actin.
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expression of HSF1 in the nucleus and a moderate ex-
pression of HSF2 in the cytoplasm of endothelial
and smooth muscle cells of portal veins and arteries
(Figure 15(B)). In the CK-positive cholangiocytes,
HSF1 localized to both the nucleus and cytoplasm
(Figure 15(B)), while no signal of HSF2 was observed in
these cells (Figure 15(B)).

Urinary system

The urinary system regulates water and electrolyte
balance, and it consists of kidneys, ureters, urinary
bladder, and urethra. The basic structural and func-
tional unit of the kidney is called a nephron and is
composed of a renal corpuscle and a long convoluted
renal tubule. Renal tubules are further divided into
sections of the proximal convoluted tubule, loop of
Henle, and a distal convoluted tubule. Nephrons loca-
lize both in the outer cortex and in the inner medulla of
the kidney, but the renal corpuscles harboring the glo-
meruli, Bowman’s capsule, and the juxtaglomerular
apparatus are only present in the cortex. By in-
vestigating cross-sections of the renal cortex, we found
that HSF1 localizes in the nucleus and cytoplasm of all
epithelial cells of the renal tubule. However, the ex-
pression level varied between the tubular sections, with
cells of distal convoluted tubules generating the stron-
gest and the cells of proximal convoluted tubules the
weakest HSF1 signal (Figure 16(A)). Although the ex-
pression of HSF2 varied between the tubular sections,
the localization was constantly restricted to the cyto-
plasm (Figure 16(A)). The renal glomerulus is struc-
tured by endothelial cells that form the glomerular
capillaries and podocytes that contribute to renal fil-
tration. The capillary structures are supported by stalks
of connective tissue with macrophage-like mesangial
cells. In the glomerulus, the expression and subcellular
localization of HSF1 and HSF2 were markedly hetero-
typic (Figure 16(A)), indicating that HSFs are expressed
in a cell-type-dependent manner in the human glo-
merulus. The renal medulla is arranged into medullary
rays that consist of the straight portion of the proximal
convoluted tubules, the ascending limb of Henle, and
the straight collecting tubules. In the renal medulla, we
observed weak HSF1 expression in the nucleus and
cytoplasm of all tubular epithelial cells (Figure 16(B)),
whereas HSF2 was undetectable in the medullary tu-
bules (Figure 16(B)).

The ureters are muscular tubes leading from the
renal pelvis to the urinary bladder. The mucosal sur-
faces of the ureters and the urinary bladder are covered
by transitional epithelium, which is a highly specialized
stratified epithelium capable of changing its shape and

structure in response to stretching. The main function
of the transitional epithelium is to act as a barrier be-
tween the lumen of the urinary tract and the blood-
stream, and thus protect against environmental
stressors, including osmotic stress, toxic substances, and
pathogens.”* The transitional epithelium divides into
three layers of cells: the superficial cells, intermediate
cells, and basal cells. The renewal of the epithelium is
covered by the progenitor-like basal cells and highly
proliferative intermediate cells.”* The superficial cells,
also called umbrella cells, are fully differentiated and
responsible for the barrier function. To achieve this, the
umbrella cells are tightly connected by virtually im-
penetrable cell-cell adhesion contacts that seal the cells
together. In our samples of the ureters and urinary
bladders, we observed a strong expression of HSF1 in
the nucleus and cytoplasm of cells in all layers of the
transitional epithelium (Figure 17(A) and (B)). In con-
trast, HSF2 was only moderately expressed in the cy-
toplasm of the intermediate and basal cells but
strikingly displayed a robust nuclear expression in the
luminal umbrella cells (Figure 17(A) and (B)). Due to
the notable expression of HSF2 in the nucleus of um-
brella cells, we investigated the expression pattern of
HSF2 also in the urinary bladder samples of HPA. In-
triguingly, distinct nuclear localization of HSF2 was
observed also in the samples of HPA (Urinary bladder,
ID1870), suggesting that HSF2 might be activated spe-
cifically in the umbrella cells of the transitional epi-
thelium.

Testes

The testes are paired organs responsible for the pro-
duction of sperm and androgens. The parenchyma of
the testis is composed of seminiferous tubules produ-
cing sperm and interstitial connective tissue containing
blood vessels and the Leydig cells. The seminiferous
tubules are lined by stratified germinal epithelium with
two main cell populations: the spermatogenic cells and
the supporting cells. The spermatogenic cells, namely
spermatogonia, spermatocytes, round spermatids, and
spermatozoa, are arranged in layers that sequentially
differentiate from the basal layers toward the lumen of
the tubule. Testis is one of the few mammalian tissue
types where the expression, localization, and functional
relevance of HSF1 and HSF2 have been previously
characterized.” In adult rodent seminiferous tubules,
Hsf2 was reported to be most abundant in the pachytene
spermatocytes and round spermatids.'”*° In accordance
with the expression pattern, Hsf2-null mice display
multiple testicular defects, including reduced testis size,
abnormal tubule morphology, and reduced amount of
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Fig. 16 Cross-section of the kidney. (A) Renal cortex. HSF1 localizes in the nucleus and cytoplasm of all epithelial cells of the
cortical tubules. HSF2 localization is cytoplasmic. Both HSF1 and HSF2 display heterotypic expression pattern in the cells of renal
glomeruli. The HSF1 inset highlights the nuclear expression of HSF1 in only distinct glomerular cells. The HSF2 inset highlights the
cytoplasmic expression of HSF2 in only distinct glomerular cells. Scale bar 100 um. (B) Renal medulla. HSF1 localizes in the nucleus
and cytoplasm of the epithelial cells of the medullary tubules, while HSF2 is undetectable. Scale bar 100 um. The double asterisk
denotes the thin descending limb of loop of Henle; the asterisk denotes the thick ascending limb of loop of Henle. Abbreviations
used: A, artery; CD, collecting duct; CK, pan-cytokeratin; DC, distal convoluted tubule; G, glomerulus; HE, hematoxylin and eosin;
JA, juxtaglomerular apparatus; PC, proximal convoluted tubule; SMA, alpha-smooth muscle actin.



258 Joutsen et al.

Fig. 17 Cross-sections of the urethra and the bladder. HSF1 is expressed in the nucleus and cytoplasm of cells in all layers of the
transitional epithelium. HSF2 is moderately expressed in the cytoplasm of the intermediate and basal cells but displays nuclear
expression in the superficial umbrella cells. (A) Transitional epithelium of the urethra. In the HSF2 inset, the arrowhead indicates
HSF2 localization to superficial umbrella cells. Scale bar 250 pm. (B) Transitional epithelium of the bladder. In the HSF2 inset, the
arrowhead indicates HSF2 localization to superficial umbrella cells. Scale bar 250 um. Abbreviations used: CK, pan-cytokeratin; HE,
hematoxylin and eosin; L, lumen; LP, lamina propria; M, muscularis; SMA, alpha-smooth muscle actin; TE, transitional epithelium.
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spermatozoa.”””’ Although the lack of Hsfl alone does
not cause marked defects in mice spermatogenesis,’’
disruption of both Hsfl and Hsf2 genes leads to com-
plete male sterility.”® Interaction of Hsfl and Hsf2 in
mouse testes occurs through heterotrimerization™ and
contributes to the maintenance of proper chromatin
organization”* and transcriptional regulation of distinct
target genes.”” By investigating the cross-sections of
human testes samples, we found that both HSF1 and
HSF2 are strongly expressed in the nucleus of basal
spermatogonia stem cells (Figure 18). Also, other sper-
matogenic cell types harbored nuclear HSF1 and HSF2,
but to a lesser extent (Figure 18). Neither HSF1
nor HSF2 was observed in the mature spermatozoa
(Figure 18). Albeit these findings slightly differ from
those of rodent tissues, our results are well in line with
HSF1 and HSF2 stainings of human testes samples
presented in the HPA (e.g., HSF1: ID2071 and HSF2:
1D2435).

Epididymis and vas deferens

The matured spermatozoa travel from the convoluted
seminiferous tubules via the rete testis to the epididymis,
which functions as a storage site for sperm. The convoluted
epididymal duct is lined by pseudostratified epithelium
composed of tall columnar cells and basal cells. The co-
lumnar cells function in the resorption of fluid and have
nonmotile stereocilia at their apical surface. The functional
relevance of the basal cells has remained unknown.
Similarly to other epithelial cell types, HSF1 was strongly
expressed in the nucleus and cytoplasm of both columnar
and basal cells (Figure 19(A)). Intriguingly, HSF2 localized
predominantly at the membranes of the columnar cells
with a distinct accumulation at the apical cell-cell adhesion
contacts (Figure 19(A)). Due to the pyramidal shape and
small amount of cytoplasm in basal cells, we were unable to
conclusively define whether HSF2 localizes at the mem-
brane or the cytoplasm of the basal cells (Figure 19(A)).
Mature sperm exits the epididymis through the vas
deferens, which is a fibromuscular tube connecting the
epididymal duct to the urethra. The mucosa of vas de-
ferens is a pseudostratified columnar epithelium that
folds longitudinally allowing the rapid expansion of the
duct during ejaculation. A thick muscular layer sur-
rounds the duct, which enables the rapid contraction of
the organ. As in the epithelia lining of the epididymal
duct (Figure 19(A)), HSF1 was strongly expressed in the
nucleus and cytoplasm of the CK-positive epithelial
cells of vas deferens (Figure 19(B)). HSF2 was localized
at the plasma membrane of both columnar and basal
cells (Figure 19(B)). Similarly to the smooth muscle cells
surrounding the vasculature (Figure 6(A)), abundant

cytoplasmic HSF2 was also found in the smooth muscle
cells forming the thick muscularis of vas deferens
(Figure 19(B)).

Mammary gland

The tubuloacinar mammary glands form the major
component of the female breasts. Mammary glands are
composed of a variable number of lobes that further
divide into lobules containing the terminal ductules and
the intralobular ducts. The ductal system is lined by
cuboidal epithelium, which at the level of interlobular
ducts acquires a stratified, often double-layered, struc-
ture. A discontinuous layer of myoepithelial cells sur-
rounds the epithelium, which, together with the
basement membrane, provides structural support. By
investigating the cross-sections of human breast tissue,
we found that HSF1 is strongly expressed in the nucleus
and cytoplasm of ductal epithelial cells (Figure 20(A)).
In line with our findings from the sweat glands, HSF2
was observed in the cytoplasm of the SMA-positive
myoepithelial cells surrounding the ductal epithelium
(Figure 20(A)). In the resting mammary gland, the lo-
bules appear as islands of glandular tissue without clear
secretory acini. Similarly to the interlobular ducts,
strong expression of HSF1 was found in the nucleus and
cytoplasm of the lobular epithelial cells and HSF2 in the
cytoplasm of the myoepithelial cells (Figure 20(B)).
Previous work has demonstrated only a minute ex-
pression of HSF1 in normal breast epithelium,” but our
findings are in line with HSF1 stainings presented in the
HPA (ID2773). 1t is plausible that the variability of the
observations is due to differences in the used antibodies
in these studies.

Uterus and fallopian tubes

The wall of the human uterus consists of three functional
layers: endometrium, myometrium, and perimetrium. In
response to ovarian hormones, the endometrium undergoes
a sequence of histological and physiological changes high-
lighted by the proliferative, secretory, and menstrual
phases. The endometrium is composed of epithelium,
uterine glands, and endometrial stroma, which all co-
operate in the physiological alterations of uterine functions.
The superficial epithelium is a simple columnar epithelium
with a mixture of secretory and ciliated cells. The uterine
glands extend through the full thickness of the en-
dometrium and are lined by columnar epithelium with less
ciliated cells. In our endometrial samples, HSF1 localized in
the nucleus of the epithelial cells (Figure 21(A)). In
some samples, also the cytoplasm of the epithelial cells
stained strongly with HSF1. Weak expression of HSF2
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Fig. 18 Cross-section of testis. HSF1 and HSF2 are strongly expressed in the nucleus of basal spermatogonia stem cells. Neither
HSF1 nor HSF2 is observed in the mature spermatozoa. The HSF1 and HSF2 insets highlight the nuclear expression of HSF1 and
HSF2 in distinct cell types and full absence of HSF1 and HSF2 in the mature spermatocytes. Scale bar 100 um. Abbreviations used:
CK, pan-cytokeratin; HE, hematoxylin and eosin; SMA, alpha-smooth muscle actin.

was observed specifically in the epithelial cytoplasm. The
endometrial stroma is a vascularized connective tissue with
specific endometrial stromal cells, spiral arteries, and en-
dometrial venules. During the secretory phase of the
menstrual cycle, the stromal cells undergo morphological
and functional changes and transform into decidual cells,
ensuring embryo implantation. Interestingly, we observed
strong expression of HSF1 only in the nucleus, while no
signal of HSF2 was detected in the endometrial stromal
cells (Figure 21(A)). In the myometrium, the smooth
muscle cells are arranged as cylindrical bundles that in-
terlace in all directions. During pregnancy, the myome-
trium increases in size in response to estrogen stimuli. In
line with our findings from other smooth muscle tissues
(Figures 6 and 19), HSF1 was prominently expressed in the
nucleus and cytoplasm of the uterine myometrial cells, but
HSF2 localized in the cytoplasm of the SMA-positive
uterine smooth muscle cells (Figure 21(B)).

The fallopian tubes, or oviducts, are paired tubular
organs that convoy the ova from the ovarian surface to
the uterine cavity. The mucosa of the fallopian tubes is
covered by simple columnar epithelium that consists of
ciliated and nonciliated cells resting on a thin basement
membrane. The function of the nonciliated cells is
to produce a nutritious secretion that protects the

transporting ovum. Ciliated cells are scattered between
the nonciliated cells and bear numerous cilia beating
toward the uterus. In our oviductal samples, HSF1 lo-
calized in the nucleus and cytoplasm of epithelial cells
(Figure 22). Intriguingly, HSF2 localized in the nucleus
of ciliated cells, displaying a clear cell-type specificity
(Figure 22), which is in line with HSF2 stainings of
fallopian tubes presented in the HPA (ID2447).

Discussion

The HSF-driven heat shock response is an evolutiona-
rily conserved stress-protective mechanism that is
characterized by extensive transcriptional reprogram-
ming and upregulation of molecular chaperones.’ The
ability to survive protein-damaging stress is crucial for
cell survival, and thereby it is not surprising that dys-
regulation of HSFs has been observed in a multitude of
human pathologies. Recent genetic studies have pro-
vided invaluable resources for understanding the mo-
lecular details of stress-induced transcriptional
reprogramming and for discovering new therapeutics
targeting the heat shock response."*”*' However, the
current data originate predominantly from cancer cell
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Fig. 19 Cross-section of (A) Caput of epididymis. HSF1 is strongly expressed in the nucleus and cytoplasm of both columnar and
basal cells. HSF2 localizes predominantly at the membranes of the columnar cells and accumulates at the apical cell-cell adhesion
contacts. The HSF1 inset highlights the nuclear and cytoplasmic expression of HSF1 in basal and columnar epithelial cells. In the
HSF2 inset, the arrowhead indicates HSF2 localization to the apical plasma membrane of the epithelial cells. Scale bar 100 um. (B)
Vas deferens. HSF1 is strongly expressed in the nucleus and cytoplasm of CK-positive epithelial cells, while HSF2 localizes at the
plasma membrane of both columnar and basal cells. Cytoplasmic HSF2 is detected in the smooth muscle cells. The HSF1 inset
highlights the nuclear and cytoplasmic expression of HSF1 in the epithelial cells. The HSF2 inset highlights the localization of HSF2
to the plasma membrane of basal and columnar epithelial cells. Scale bar 100 um. Abbreviations used: CK, pan-cytokeratin; HE,
hematoxylin and eosin; M, smooth muscle layer; SMA, alpha-smooth muscle actin.
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Fig. 20 Cross-section of the mammary gland. (A) Interlobular duct. HSF1 is strongly expressed in the nucleus and cytoplasm of
ductal epithelial cells, while HSF2 localizes in the SMA-positive myoepithelial cells surrounding the ductal epithelium. The HSF1
inset highlights the nuclear and cytoplasmic expression of HSF1 in the epithelial cells. In the HSF2 inset, the arrowhead indicates
cytoplasmic expression of HSF2 in the basal myoepithelial cells. Scale bar 100 um. (B) Intralobular terminal ductules. HSF1 is
strongly expressed in the nucleus and cytoplasm of lobular epithelial cells, while HSF2 localizes in the SMA-positive myoepithelial
cells. The HSF1 inset highlights the nuclear and cytoplasmic expression of HSF1 in the epithelial cells. In the HSF2 inset, the
arrowhead indicates cytoplasmic expression of HSF2 in the basal myoepithelial cells. Scale bar 100 um. Abbreviations used: CK, pan-
cytokeratin; HE, hematoxylin and eosin; L, breast lobule with terminal ductules; SMA, alpha-smooth muscle actin.
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Fig. 21 Cross-section of the uterus (Stadium secretionis). (A) Endometrium. HSF1 localizes in the nucleus of endometrial epithelial
cells, while HSF2 localizes in the cytoplasm. Strong expression of HSF1 is detected in the nucleus of endometrial stromal cells, while
HSF2 is undetectable. (B) Myometrium. HSF1 is expressed in the nucleus and cytoplasm of the uterine myometrial cells, but HSF2
localizes in the cytoplasm of the SMA-positive uterine smooth muscle cells. Scale bar 100 um. Abbreviations used: CK, pan-
cytokeratin; EG, endometrial gland; ES, endometrial stroma; HE, hematoxylin and eosin; L, lumen; M, smooth muscle layer; SMA,

alpha-smooth muscle actin.
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Fig. 22 Cross-section of a fallopian tube. HSF1 localizes in the nucleus and cytoplasm of epithelial cells, whereas HSF2 localizes in
the nucleus of ciliated cells. The HSF1 inset highlights the nuclear localization of HSF1 in tubal epithelial cells. In the HSF2 inset,
the arrowhead indicates nuclear localization of HSF2 in the ciliated cells of fallopian tubes. Scale bar 100 um. Abbreviations used:
CK, pan-cytokeratin; HE, hematoxylin and eosin; SMA, alpha-smooth muscle actin.

lines and tumor samples that are not adequate in por-
traying the importance of HSFs benign human tissues.
To increase our understanding of the role of HSFs in
human physiology and organismal homeostasis, we in-
vestigated the cell-type specific expression and locali-
zation patterns of HSFs in a comprehensive selection of
human tissue samples with immunohistochemistry.
Among the wealth of observations provided by our data,
two particularly intriguing topics emerge: the clearly
different subcellular localization patterns and the dis-
tinct cell-type specificity of HSF1 and HSF2 across many
tissues. Both findings strongly propose that, despite
their close proximity in the phylogenetic tree,”” HSF1
and HSF2 are significantly different transcription fac-
tors with unique functions in human tissues.

Translating subcellular localizations of HSFs to functional
implications

Acquisition of the trimeric DNA-binding competent
state is a key feature of the activation-attenuation cycle
of HSF-dependent transcription.”” Early findings in
human erythroleukemia K562 cells demonstrated that
in nonstressed cells HSF1 resides in the cytoplasm as an

inactive monomer, whereas HSF2 exists primarily as a
dimer.">** Exposure to stress induces trimerization, and
both homotrimers of these factors as well as HSF1-HSF2
heterotrimers, have been described.*® Here, we found
that in the majority of cell types, HSF1 localizes in the
cytoplasm and the nucleus (Table 1), suggesting that
both inactive and active forms of HSF1 co-exist in be-
nign cells. Nuclear localization of HSF1 was observed
specifically in epithelial cell types, which reflects a
constant activation of HSF1 under homeostatic condi-
tions in cells of epithelial origin. HSF1 has been shown
to be markedly dysregulated in a variety of different
carcinomas,” i.e., cancers of epithelial origin, which
might reflect the requirement of active HSF1 in sup-
porting epithelial integrity. Indeed, a recent study in
nontumorigenic mammary cell lines demonstrated that
abnormally high expression of HSF1 pushes the cells
toward the mesenchymal phenotype.”® In stark contrast
to HSF1, nuclear localization of HSF2 was observed only in
a few distinct cell types, including the spermatocytes and
spermatogonia (Figure 18) and the urothelial umbrella cells
(Figure 17). To our great surprise, HSF2 displayed a cyto-
plasmic localization pattern in the majority of human cell
types. Previous immunoelectron microscopy analyses of rat
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testes have revealed HSF2 in the cytoplasm of zygotene
spermatocytes.’® Altogether, these findings propose that in
cells expressing HSF2, this factor is maintained pre-
dominantly in its inactive dimeric state. The cytoplasmic
HSF2 in multiple cell types could indicate that the regula-
tion of HSF2 activity is very stringent in homeostatic tis-
sues. An obvious question to be addressed is how this
subcellular localization of HSFs is achieved. HSF1 mono-
mers are restricted in the cytoplasm by a multichaperone
complex composed of HSP40, HSP70, and HSP90,” but the
molecular mechanisms maintaining the cytoplasmic po-
pulation of HSF2 are unclear. HSF2 has been shown to
interact with HSP90 in nonstressed cells,”’” but whether this
interaction mediates cytoplasmic retention requires further
investigation.

An outstanding finding is the distinct membrane lo-
calization of HSF2 in several cell types (Table 1). Prior
to this work, Hsf2 has been detected at the membrane of
cytoplasmic bridges connecting spermatocytes and
spermatids in rat testes.”” Eminently, we found that
HSF2 localizes at variable cell-cell adhesion sites, in-
cluding the intercalated discs connecting cardiomyo-
cytes (Figure 5(B)), the bile canaliculi between
hepatocytes (Figure 15(A)), and the apical junctional
complex confirming epithelial integrity (Figure 19(A)).
Albeit these adhesion sites serve clearly different func-
tions in intact tissues, they are all featured by the same
transmembrane proteins composing tight junctions,
adherens junctions, desmosomes, and gap junc-
tions.””*®"” The transmembrane adhesion proteins
form, together with cytoskeletal linkers and signal-
transduction molecules, a multiprotein complex that
mediates cell-extrinsic signals to the nucleus. Signal
transmission occurs through the translocation of pro-
teins from the membrane compartment to the nucleus,
where they act as transcriptional regulators.” We hy-
pothesize that when localized at cell-cell adhesion sites,
HSF2 monitors the integrity of cell adhesion contacts.
Previously, we have found that in human osteosarcoma
U20S cells, silencing of HSF2 led to marked down-
regulation of genes encoding cadherin superfamily
proteins forming adherens junctions.'” In line with
these results, deregulation of the HSF2-dependent ex-
pression of N-cadherin was recently shown to underlie
the characteristic neuroepithelial defects observed in
Rubinstein-Taybi syndrome.”’ We envision that analo-
gously to the accumulation of misfolded proteins that
titrate the chaperones away from HSF1, enabling HSF1
target gene binding, disrupted cell adhesion protein
complexes release HSF2 from its membrane compart-
ment to enable nuclear accumulation and target gene
activation. Considering that HSF2 occupancy has been
detected at genes coding for cell adhesion proteins in

K562 cells’" and in mouse testis,” the disruption of the
membrane complex could form a feedback loop pro-
moting the re-establishment of cell adhesion. Since the
membrane-associated protein complexes determine cell
polarity, epithelial integrity, and mechanical force
transmission,”” it is plausible that when localized at
cell-cell adhesion sites, HSF2 participates in the reg-
ulation of multicellular tissue homeostasis. Future stu-
dies should explore if the subcellular localization of
HSF2 changes, for example, in response to epithelial
stretching or mechanical challenging of cardiomyocytes.
The relevance of HSF2 in cell-matrix adhesions should
also be examined, e.g., in the context of alternating
stiffness of the extracellular matrix. Identification of the
protein-interaction partners of HSF2 at the membrane
and in other subcellular locations is of key importance
for characterizing the molecular determinants of our
findings.

HSF2 as a cellular surveillance factor regulating cell phenotype

HSF2 has been shown to be expressed in a wide range of
rodent tissues,”’ but to the best of our knowledge, the
protein levels of HSF2 have not been systematically in-
vestigated in benign human tissues. Unlike HSF1, HSF2 is
considered an unstable protein under normal growth con-
ditions, and the expression of HSF2 is tightly regulated both
at the mRNA and protein levels, via microRNAs and the
ubiquitin-proteasome system.””***>>* Consequently, we
were surprised to detect prominent cytoplasmic HSF2 ex-
pression in all studied smooth muscle cells, endothelial
cells, and myoepithelial cells (Table 1). The significant dif-
ference in signal intensity compared to cell lines, which
typically display nuclear HSF2 expression, shows that HSF2
is differently regulated in intact tissues. Based on the pro-
minent cytoplasmic HSF2 signal, it is likely that HSF2 is
stabilized through a higher synthesis rate or reduced de-
gradation. Since ubiquitination of HSF2 occurs at the
chromatin,™ it is possible that HSF2 is rapidly degraded
after achieving its trimeric DNA-binding competent state.
Such a mechanism would support our hypothesis of HSF2
functioning as a cellular surveillance factor, as a high pool
of cytoplasmic HSF2 could ensure a rapid and transient
response to different intracellular and extracellular signals.
This hypothesis raises a question about what HSF2 could be
surveilling in cells.

Although smooth muscle cells, endothelial cells, and
myoepithelial cells are all specialized cell types with
distinct functions and characteristics, they share some
common denominators. All three cell types are char-
acterized by an elongated or spindle-shaped mor-
phology, which allows the cells to align according to the
structural and functional requirements of the tissue.
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These cells also have the ability to contract or exert force
in response to stimuli, which is accompanied by massive
reorganization and adaptation of the actin cytoske-
leton.” During mouse cortical development, Hsf2 defi-
ciency leads to neuronal mispositioning through an
impaired expression of the actin-bundling protein p35.”
Silencing of HSF2 disturbs the actin signaling pathway
and enhances invasiveness of human prostate cancer
PC-3 cells,” whereas reduced HSF-1 activity in Cae-
norhabditis elegans results in destabilization of the actin
cytoskeleton.’*”” Since smooth muscle cells, endothelial
cells, and myoepithelial cells displayed also cytoplasmic
HSF1, it is possible that the presence of HSF1 and HSF2
refers to the role of HSFs in monitoring the cytoskeletal
integrity. In striated cardiomyocytes, HSF1 localizes in
sarcomeres and is linked to the expression of the co-
chaperone BAG3 (BCL-2-associated athanogen).””
Thereby, it would be interesting to examine if the dis-
ruption of cytoskeletal integrity induces HSF1 and/or
HSF2 binding at their chaperone targets.

Yet another intriguing common denominator of smooth
muscle cells, endothelial cells, and myoepithelial cells is
their phenotypic plasticity, ie., their ability to undergo
phenotypic changes in response to physiological cues. In
the vasculature, the smooth muscle cells switch between
the contractile and synthetic phenotypes upon injuries,”
while endothelial cells acquire angiogenic or inflammatory
phenotypes according to the microenvironment.”’ Also, the
morphology of myoepithelial cells depends on mechanical
stimuli.”" Phenotypic plasticity is driven by transcriptional
reprogramming, but the molecular details are not fully
elucidated. Both HSF1 and HSF2 have been linked with
cancer-associated epithelial-mesenchymal transition,"*”
but whether they regulate cell phenotypic changes also in
benign human tissues is unknown. Uncovering the appro-
priate three-dimensional (3D) model system, with relevant
multicellular complexity and adjustable physiological cues,
will be of key importance in addressing these highly ex-
citing questions.

HSFs in the formation and maintenance of tissue barriers

The ability to separate the internal and external environ-
ments is a fundamental requirement of organismal
homeostasis. In the human body, this separation is
achieved through cellular barriers mainly composed of
epidermal and epithelial cells and their junctional com-
ponents. A prime example of a cellular barrier is the
human skin that restricts water evaporation and pathogen
intrusion through powerful cell-cell adhesion contacts
composed of adherens junctions, desmosomes, and tight
junctions.”” The transcription factor p63 is essential for
epidermal commitment during development,” but how

the barrier function is regulated at the transcriptional level
in adult animals is less clear. We observed nuclear and
cytoplasmic localization of HSF1 in basal and surface
keratinocytes (Figure 3(A)), suggesting that active HSF1
could promote epidermal homeostasis. Moreover, mem-
brane localization of HSF2 was observed specifically in the
surface keratinocytes (Figure 3(A)), which are vital for
maintaining proper cell-cell adhesion contacts. Con-
sidering that mice deficient in Hsfl and Hsf2 do not pri-
marily suffer from epidermal insufficiencies,”* it would
be important to investigate how these mice recover from,
e.g., epidermal wounds or mechanical challenging of the
epidermis. The blood-bile barrier refers to a structure
within the liver that separates sinusoidal blood from the
canalicular bile and thereby protects the hepatocytes from
bile toxicities.” Tight junctions are the predominant
connections in the blood-bile barrier, albeit adherens
junctions, desmosomes, and gap junctions have also been
described. In our liver samples, HSF2 localized at the ca-
naliculi with a pattern highly similar to the expression
pattern of tight junction protein ZO-1 (HPA, ID1846). ZO-
1 functions as a scaffolding protein linking junctions with
the actin cytoskeleton.”* Although these findings are cor-
relative, they propose that HSF2 could colocalize with ZO-
1 at the blood-bile barrier.

Finally, perhaps the most exciting of all internal barriers
is the urothelium, which has a remarkable capacity to
withstand a variety of different stress conditions, including
osmotic stress, mechanical stress, hydrostatic stress, toxic
substances, and microbes.** Unlike other mucosal barriers,
such as the gastrointestinal epithelium that balance be-
tween forming a barrier and allowing selective transport,
the urothelium is virtually impermeable. This imperme-
ability is provided by a single layer of apical umbrella cells
that have a striking ability to shift in size according to the
amount of urine in the bladder. Umbrella cells have an
extremely high expression of adherens junction and tight
junction proteins that seal the cells together.** Unlike HSF1
localized in the nucleus in nearly all studied cell types,
HSF?2 displayed nuclear localization in only a few cell types,
including the urothelial umbrella cells. We hypothesize that
the impermeable nature of the urothelium necessitates the
constant activation of HSF2 to enable the fully functional
barrier capacity.

HSFs in organismal thermoregulation

Sweating and vasodilation are the primary thermo-
regulatory responses to increased body temperature.
Elevation of internal or skin temperature activates af-
ferent neural signals that are integrated with the hy-
pothalamus, the core orchestrator of human
thermoregulation.”” Efferent signaling controls thermal



HSF1 and HSF2 in human tissues

267

effector organs, including the sweat glands and the skin
vasculature.”” In our samples, we detected prominent
HSF1 and HSF2 levels in secretory cells and myoe-
pithelial cells of sweat glands (Figure 3(B)). In the sweat
glands, the luminal secretory cells are responsible for
producing the primary sweat, while the myoepithelial
cells provide structural support against the hydrostatic
pressure and generate the contractile force facilitating
sweat expulsion.””” Both the secretion of sweat by the
secretory cells and the contraction of the myoepithelial
cells are stimulated by sympathetic postganglionic
neurons, which release acetylcholine upon elevated
temperatures.”’ Analogously to the non-cell autono-
mous activation of HSF1 in response to neuroendocrine
signaling in rat adrenal tissue,’” the neuronal control of
secretory and myoepithelial cells could activate HSFs to
ensure the sweat secretion and maintenance of cytos-
keletal proteostasis during sweat-expulsing contraction.

In the context of inflammation, the hypothalamic set
point is temporarily raised, which enables the increase
in body temperature above normal and results in fever.
Fever has multiple effects on the human body, such as
increased lymphocyte trafficking through HEVs of
lymph nodes.”” Lymphocyte trafficking is accompanied
by reorganization of the endothelial actin cytoskeleton,
which supports lymphocyte transmigration.”” In our
lymph node samples, HSF1 and HSF2 were expressed in
the endothelial cells of HEVs (Figure 9(B)). Considering
that HSF2, which has no major impact in acute heat
stress, is significantly activated in febrile-range tem-
peratures'” and that HSF1 and HSF2 gain transcrip-
tional activities in stressed endothelial cells,'® it would
be interesting to elucidate the role of HSF1 and HSF2 in
lymphocyte trafficking and endothelial response to
febrile-range thermal stress. In general, further in-
vestigations in multicellular tissue models could reveal
the molecular determinants of HSFs in organismal
thermoregulation.

Conclusion

Among human HSFs, HSF1 has been established as a
crucial transcription factor for HSP expression and cell
survival during protein-damaging stress. Although HSF2
is not required for the stress-inducible expression of HSPs,
it contributes to the regulation of cell differentiation and
organ development. Nevertheless, the exact role of HSF2
in human physiology has remained enigmatic. Previous
studies have mainly relied on cell culture models that do
not allow the establishment of multidimensional cell-cell
and cell-matrix contacts reflecting tissue integrity. Our
findings strongly suggest that HSF2 is important,

specifically in multicellular tissue homeostasis. Therefore,
future studies focusing on HSF2 should employ model
systems that can more closely mimic the complex sig-
naling network of tissues with variable cell types and ex-
tracellular matrix components. Albeit we specifically
focused on tissues with benign morphology, all samples
were collected from patients with an underlying patholo-
gical state. Therefore, it would be important to investigate,
whether pathological progression in a distant site can
cause alterations in the expression and localization of
HSF1 and HSF?2 in another tissue location. Moreover, the
development of new tools is warranted for the identifica-
tion of post-translationally modified HSFs and distinct
HSF isoforms. These technical advancements would en-
able the characterization of the specific functions of dif-
ferent HSF populations in human tissues. By using a
broad selection of human samples, this work expands the
biological landscape of HSF1 and HSF2 and thus creates a
foundation for the identification of hidden roles of HSF1
and HSF2 in physiological proteostasis. Despite our com-
prehensive examination, there are still other important
tissues to be investigated, such as adipose tissue, bone
marrow, CNS, ovaries, and the placenta. Identification of
the protein interaction partners of HSF1 and HSF2 in
distinct subcellular compartments will reveal novel up-
stream regulatory mechanisms controlling HSFs. The ul-
timate goal in understanding HSF biology is to translate
the tissue expression patterns of HSFs to transcriptional
programs at single-cell resolution.

Materials and methods
Tissue samples

A total of 81 FFPE tissue samples from 71 individuals
were used for hematoxylin and eosin (HE) and im-
munohistochemical stainings (Figure 1). The FFPE tissues
and related histopathological data were retrieved from the
Biobank of Eastern Finland (BBEF, Kuopio, Finland).
Only samples with benign tissue morphology were ap-
proved for the study. The samples were pre-selected in the
BBEF, and the confirmation of the benign morphology
was performed by the two pathologists included in this
work (0.J. and R.S.). The tissue material provided by the
BBEF originates from the archival tissue collection of
Kuopio University Hospital. The colon samples used for
immunoblotting (Figure 2(B)) and the skin samples
(Figure 3) were obtained from the archival tissue collec-
tion of Lapland Central Hospital (LSHP85/2022). All
samples were collected in surgical operations conducted as
a part of normal diagnostic protocols of the patients. The
pathology laboratory responsible for primary tissue
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handling and processing in Kuopio University Hospital is
a testing laboratory No. T343 accredited by FINAS Finnish
Accreditation Service, accreditation requirement SFS-EN
ISO15189:2013. The pathology laboratory responsible for
primary tissue handling in Lapland Central Hospital is a
testing laboratory No. T349 accredited by FINAS Finnish
Accreditation Service, accreditation requirement SFS-EN
ISO15189:2013. A project-specific consent from the pa-
tients was not required as The Finnish Biobank Act pro-
vides the legal basis for using patient samples for research
purposes. The Scientific Committee of the BBEF provided
the approval for using the BBEF material for the study.

HE staining

For HE staining, 5 um FFPE sections were deparaffinized,
rehydrated (xylene 3 X 5min, absolute ethanol (EtOH)
2% 2min, 96% EtOH 2 X 2min), and washed with dH,O
for 30s. The sections were incubated in Delafield’s hema-
toxylin (Hematoxylin monohydrate [Merck]; Supelco
Aluminium potassium sulfate dodecahydrate [Merck];
AnalaR NORMAPUR ACS Glycerine [VWR International])
for 9 min and 30s, and washed with running tap water for
5min. Excess staining was removed with 1% HCI in 70%
EtOH for 4s and running tap water for 5 min. After that,
the sections were incubated in 1% eosin (Eosin Y GURR,
VWR BDH Chemicals) for 30s, dehydrated, cleared (96%
EtOH 2 X2 min, absolute EtOH 2 X 2, xylene 2x 3 and
5min), and mounted with DPX mounting medium
(Merck KGaA).

Immunohistochemistry

FFPE tissues were cut into 4 um sequential sections, de-
paraffinized, and rehydrated. For HSF1 and HSF2 stain-
ings, the antigen retrieval was performed in a microwave
oven in 0.01 M citrate buffer (pH 6.0). The slides were first
heated at 800 W until boiling (7 min and 30s) and then
further boiled for 5min and 30s. Prior to the final boiling,
more buffer was added if required. After boiling, the sec-
tions were incubated in the citrate buffer for another
20 min and washed with phosphate-buffered saline (PBS)
for 2x 5min. For SMA and CK stainings, the antigen re-
trieval was performed in a microwave oven in 5mM
ethylenediaminetetraacetic acid (EDTA) buffer (pH 8.0)
(SMA) or 10mM TRIS, 1 mM EDTA (pH 9.0) (CK). The
slides were first heated at 800 W until boiling (7 min and
30s) and then further boiled for 5min and 30s. After
boiling, the sections were incubated in 5 mM EDTA buffer
(SMA) or 10mM TRIS, 1mM EDTA (CK) for another
20 min, and washed with PBS for 2 X 5min. Endogenous
peroxidase activity was blocked with 5% hydrogen peroxide
for 5min, and the sections were washed with dH,O for

2x3min and PBS for 2x5min. For HSF1 and HSF2
stainings, the sections were blocked with 1.5% normal goat
serum (VECTASTAIN Elite ABC, Peroxidase Rabbit IgG
kit, Vector Laboratories) in PBS for 20 min at room tem-
perature. For SMA and CK stainings, the sections were
blocked with 1.5% normal horse serum (VECTASTAIN
Elite ABC, Peroxidase Mouse IgG kit, Vector Laboratories)
in PBS for 20 min at room temperature.

The following primary antibodies were used: rabbit
polyclonal anti-human HSF2 (HPA031455, Sigma-Aldrich),
rabbit polyclonal anti-human HSF1 (PA3-017, Invitrogen/
Thermo Fisher Scientific), mouse monoclonal anti-human
SMA (MO0851, clone 1A4, Dako), and mouse monoclonal
anti-human CK (M3515, clone AE1/AE3, Dako). The an-
tibodies were used as follows: 1:500 dilution of anti-HSF1 in
1.5% normal goat serum in PBS, 1:100 dilution of anti-HSF2
in 1.5% normal goat serum in PBS, 1:200 dilution of anti-
SMA in 1.5% normal horse serum in PBS, and 1:150 dilu-
tion of anti-CK in 1.5% normal horse serum in PBS.
Sections were incubated in primary antibodies overnight at
4°C. Negative control sections were incubated in 1.5%
normal goat or horse serum in PBS overnight at 4 °C.

The tissue sections on slides were washed with PBS for
2x5min prior to 30min incubation with biotinylated
secondary antibodies (anti-rabbit goat IgG or anti-mouse
horse IgG; VECTASTAIN Elite ABC kits) at room tem-
perature. After that, the tissue sections were washed with
PBS for 2x5min, incubated for 40min in preformed
avidin-biotinylated peroxidase complex (VECTASTAIN
Elite ABC kits), and washed for 2 X 5 min with PBS. For the
visualization, diaminobenzidine tetrahydrochloride sub-
strate (Sigma-Aldrich) was used. The tissue sections were
counterstained with Mayer’s hematoxylin, washed, dehy-
drated, cleared, and mounted with DPX new mounting
medium (Merck KGaA).

For the analysis, the stained sections were scanned using
Nanozoomer XR digital slide scanner (Hamamatsu
Photonics K.K., Hamamatsu City, Japan) at 40X provided
by the BBEF. Images were captured with NDP.view 2
software (Hamamatsu Photonics K.K).

Scoring and evaluation

The cell-type specific expression and localization pat-
terns of HSF1 and HSF2 were evaluated by two in-
dependent pathologists (O.J. and R.S.) who were
blinded to the scores given by the other pathologist.
Following the evaluation, a consensus score was gen-
erated for samples with differing primary scores. The
intensity of the immuno-signals was scored semi-
quantitatively as 0 (negative), 1 (weak), 2 (moderate),
and 3 (strong). The staining intensity was evaluated
separately in the nucleus and in the cytoplasm.
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Protein extraction from FFPE tissue blocks

The proteins were isolated from FFPE colon muscularis
propria and mucosal epithelia using the Qproteome FFPE
Tissue Kit (37623, QIAGEN) according to the manu-
facturer’s instructions. Briefly, tissue sections were sliced
directly from the block and deparaffinized using xylene,
followed by repeated washes using EtOH. The proteins
were extracted from the remaining tissue pellet by first
lysing the cells with Buffer EXB supplemented with -
mercaptoethanol, followed by incubation at a high tem-
perature to ensure the lysis. Finally, the suspension was
centrifuged for 15 min at 14,000 g at 4 °C. The supernatant
containing the extracted proteins was transferred into a
new tube. The protein concentration was measured using
the Pierce BCA Protein Assay Kit (23225, Thermo
Scientific).

Immunoblotting

Human osteosarcoma U20S wild-type, HSF1 knock-
out, and HSF2 knock-out cells have been previously
described.”**” The cells were cultured in Dulbeccos’s
Modified Eagle’s Medium (Sigma Aldrich), supple-
mented with 10% fetal calf serum, 2mM L-glutamine
(BioWest), and 100pg/mL penicillin-streptomycin
(BioWest) and grown in 5% CO, at 37°C. For im-
munoblotting, cells were washed in cold PBS (BioWest),
after which they were lysed and boiled in 3x Laemmli
lysis buffer (30% glycerol, 3% sodium dodecyl sulfate
SDS, 187.5mM TRIS-HCI, 0.015% bromophenol blue,
3% B-mercaptoethanol). Cell samples and the protein
samples extracted from tissues were resolved on a 7.5%
Mini-PROTEAN Precast Gel (BioRad) and transferred
onto a nitrocellulose membrane (Amersham Protran).
For detecting HSF2, the membranes were boiled in MQ-
H,O for 20 min and blocked with 5% milk-0.3%-PBS-
Tween20. The following antibodies were used for im-
munoblotting with a 1:1000 dilution: anti-HSF2
(HPAO031455, Sigma-Aldrich), anti-HSF1 (ADI-SPA-901,
Enzo Life Sciences), and anti-B-Tubulin (T8328, Sigma-
Aldrich). Horseradish peroxidase-conjugated secondary
antibodies were purchased from Promega and GE
Healthcare and used with a 1:10,000 dilution.
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