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Aggregation of misfolded protein in the endoplasmic reticulum (ER) induces a cellular protective response to ER stress, the un-
folded protein response (UPR), which is mediated by a basic leucine zipper (bZIP) transcription factor, Hac1p/Xbp1. In this
study, we identified and studied the molecular functions of a HAC1 homolog from the thermotolerant yeast Hansenula polymor-
pha (HpHAC1). We found that the HpHAC1 mRNA contains a nonconventional intron of 177 bp whose interaction with the 5=
untranslated region is responsible for the translational inhibition of the HpHAC1 mRNA. The H. polymorpha hac1-null
(Hphac1�) mutant strain grew slowly, even under normal growth conditions, and was less thermotolerant than the wild-type
(WT) strain. The mutant strain was also more sensitive to cell wall-perturbing agents and to the UPR-inducing agents dithio-
threitol (DTT) and tunicamycin (TM). Using comparative transcriptome analysis of the WT and Hphac1� strains treated with
DTT and TM, we identified HpHAC1-dependent core UPR targets, which included genes involved in protein secretion and pro-
cessing, particularly those required for N-linked protein glycosylation. Notably, different glycosylation and processing patterns
of the vacuolar glycoprotein carboxypeptidase Y were observed in the WT and Hphac1� strains. Moreover, overexpression of
active HpHac1p significantly increased the N-linked glycosylation efficiency and TM resistance. Collectively, our results suggest
that the function of HpHac1p is important not only for UPR induction but also for efficient glycosylation in H. polymorpha.

The endoplasmic reticulum (ER) represents the central organ-
elle of the eukaryotic cell in which the crucial steps of protein

folding, modification, and selection for transport to other com-
partments take place. Perturbation of ER homeostasis through,
for example, the accumulation of misfolded proteins or defects in
the ER membrane leads to the activation of intracellular signaling
pathways referred to as the unfolded protein response (UPR), ER-
associated protein degradation (ERAD), and the calnexin cycle
(CNX) for glycoprotein quality control (1). UPR induces multiple
protective cellular events required for proper protein folding and
misfolded protein degradation. The underlying regulatory mech-
anism and modes of action of UPR have been intensively studied
in the traditional yeast Saccharomyces cerevisiae (2). UPR is medi-
ated by a master transcription factor, Hac1p, in S. cerevisiae
(ScHac1p) (3), and the synthesis of functionally active Hac1p is
triggered via nonconventional splicing of the HAC1 mRNA,
which is mediated by the endonuclease activity of the ER stress
sensor, Ire1p (4). This unusual splicing of HAC1 mRNA induces
the translation of HAC1 mRNA by eliminating base pairing be-
tween the 5= untranslated region (UTR) and the splicing site (5).
The newly synthesized Hac1p is then shuttled into the nucleus and
functions as an active basic leucine zipper (bZIP) transcription
factor during ER stress. Hac1p binds to a UPR element (UPRE)
within the promoter regions of its target genes. The consensus
motif of UPRE1, CANCNTG, is found in the promoters of the
KAR2, PDI1, and FKB2 genes in S. cerevisiae (6).

The protein secretion pathways of yeast and filamentous fungi
are of special interest to researchers that are developing industrial
protein producers. Understanding the underlying mechanisms of
UPR would provide solid knowledge on the regulation of cellular

responses to protein secretion stress (7). In this aspect, the HAC1
homologs of non-Saccharomyces yeasts and filamentous fungi that
are potential hosts for the industrial production of recombinant
proteins have been identified and characterized. Unlike S. cerevi-
siae HAC1 mRNA, which contains an intron of 252 nucleotides
(nt), the hac1/hacA genes encoding the key UPR transcription
factors from the filamentous fungi Trichoderma reesei and Asper-
gillus nidulans contain introns that are 20 nt long (8). Similarly,
Yarrowia lipolytica HAC1 mRNA harbors a short intron of 29 nt
(9). In contrast, the intron of Pichia pastoris HAC1 mRNA is 322
nt, which is longer than the S. cerevisiae HAC1 mRNA intron (10).
Despite the differences in intron length, the HAC1 mRNAs of
these yeast and filamentous fungi undergo similar, unconven-
tional splicing reactions to produce functional Hac1 proteins
(8, 9, 11).
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Hansenula polymorpha (syn., Pichia angusta and Ogataea an-
gusta) is a thermotolerant methylotrophic yeast which can grow at
temperatures up to 48°C and utilize methanol as a sole carbon and
energy source. H. polymorpha has been a favorable model to study
the mechanisms of genetic control of methanol metabolism and
peroxisome biogenesis. In recent decades, H. polymorpha has also
been used as a host for heterologous protein production (12). In
particular, glycoengineered H. polymorpha strains have been de-
veloped to produce glycoproteins with human-compatible N-gly-
cans on the basis of information on the host-specific structure and
biosynthesis pathway of N-linked glycosylation in H. polymorpha
(13–15). Likewise, a recent study on the identification and func-
tional analysis of protein O-mannosyltransferases (PMTs) in H.
polymorpha provided some unique features of PMT proteins in H.
polymorpha (16). In this study, to obtain further details on the
gene regulatory networks required for protein secretion and mod-
ification in H. polymorpha, we identified and characterized the
HAC1 homolog of H. polymorpha (HpHAC1) via functional anal-
ysis and genome-wide gene expression profiling.

MATERIALS AND METHODS
Strains, plasmids, and culture conditions. The H. polymorpha and S.
cerevisiae strains used in this study are described in Table S1 in the sup-
plemental material. The plasmids used in this study are listed in Table S2
in the supplemental material, and the primers used for the construction of
strains and plasmids are listed in Table 1. Yeast cells were routinely grown
in YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose)
or synthetic complete (SC) medium (0.67% yeast nitrogen base without
amino acids, 2% glucose, dropout amino acid mixture supplemented with
all required amino acids). Hphac1 and Hpire1 deletion mutants were con-
structed in the H. polymorpha DL1-L background by fusion PCR and in
vivo DNA recombination (15), using the primer sets listed in Table 1. PCR
fragments were introduced into yeast cells, and the transformants carry-
ing the gene deletion as a result of in vivo DNA recombination were se-
lected first by growth in minimal medium lacking leucine (SC-LEU) and
then by PCR screening.

Construction of HpHAC1 expression vectors. The vectors pDUM2-
HA-HAC1s and pDUM2-HA-HAC1u for expression of HpHac1p tagged
at its N terminus by the epitope corresponding to amino acids 98 to
106 of human influenza virus hemagglutinin (HA) under the control
of the MOX1 promoter were constructed as follows. The DNA frag-
ment containing a spliced form of HpHAC1 (HpHAC1s) was amplified
from the cDNA of dithiothreitol (DTT)-treated wild-type (WT) H.
polymorpha cells with primers HpHAC1_HA_1F/HpHAC1_2B_SalI
and subsequently subjected to a second round of PCR with primers
HpHAC1_HA_3F_HindIII/HpHAC1_2B_SalI to add an HA sequence
tag at the N terminus. The DNA fragment containing the unspliced
form of HpHAC1 (HpHAC1u) was amplified from genomic DNA by
using primers HpHAC1_HA_1F/HpHAC1_4B_SalI and subjected
to a second round of PCR with primers HpHAC1_HA_3F_HindIII/
HpHAC1_4B_SalI to add an HA sequence tag at the N terminus. The
HA-HpHAC1s fragment (1,008 bp) and the HA-HpHAC1u fragment
(1,185 bp) were digested with HindIII and SalI and cloned into the
corresponding sites of the pDUM2-cmycYPS1N4 vector (S. A. Cheon,
unpublished data), creating pDUM2-HA-HAC1s and pDUM2-HA-
HAC1u, respectively. The vector pDUH-HA-HAC1s, expressing the N-
terminally HA-tagged, spliced HpHac1p (HA-Hac1ps) under the con-
trol of its native promoter, was constructed as follows. The HpHAC1
promoter (759 bp), amplified with primers HpHAC1p_9F_AscI/
HpHAC1p_10B_EcoRI from genomic DNA of DL1-L, and the HpHAC1s

fragment (981 bp), amplified with primers HpHAC1_11F_EcoRI/
HpHAC1_2B_SalI from pDUM2-HA-HAC1s, were digested with AscI/
EcoRI and EcoRI/SalI, respectively, and inserted between the AscI and SalI
sites of pDUM2-HA-HAC1u, resulting in pDUH-HA-HAC1s.

The expression vector for the N-terminally HA-tagged, spliced
HpHac1 protein lacking the PEST domain, pDUH-HA-HAC1s�P, was
constructed as follows. To amplify the HpHAC1s�PEST gene fragment
lacking the putative PEST motif, the N-terminal fragment (458 bp) and
the C-terminal fragment (431 bp) of HAC1s were amplified with
primers HpHAC1_11F_EcoRI/HpHAC1PE_16B and HpHAC1PE_17F/
HpHAC1_2B_SalI from pDUM2-HA-HAC1s, respectively, and then
fused by PCR using primers HpHAC1_11F_EcoRI/HpHAC1_2B_SalI to
generate the HpHAC1s�PEST fragment (858 bp). Then the HpHAC1
promoter fragment (759 bp), obtained by AscI and SalI digestion of
pDUH-HA-HAC1s, and the EcoRI/SalI-treated HpHAC1s�PEST frag-
ment (858 bp) were cloned between the AscI and SalI sites of pDUH-HA-
HAC1u, resulting in pDUH-HA-HAC1s�P. To integrate a single-copy
vector into the HpHAC1 locus, pDUH-HA-HAC1s and pDUH-HA-
HAC1s�P were digested with NheI, which has a unique recognition site
located in the HpHAC1 promoter, and transformed into the WT and
Hphac1� strains.

The vectors pHZ-HA-HAC1u and pHZ-HA-HAC1s for expression of
the N-terminally HA-tagged, unspliced and spliced HpHac1 proteins, re-
spectively, under the control of the native HpHAC1 promoter and termi-
nator were constructed as follows. The DNA fragment containing the
HpHAC1 promoter (783 bp), the HpHAC1u open reading frame (972 bp),
and the HpHAC1 terminator were amplified from the genomic DNA with
primers HpHAC1p fw BamHI/HpHAC1t rv BamHI, digested with
BamHI, and inserted between the BglII and BamHI sites of pHIMAZCH,
resulting in pZAM519. Subsequently, the NheI/ClaI HA-HAC1u-treated
fragment containing the 5=UTR from pDUH-HA-HAC1u was subcloned
between the NheI and ClaI sites of pZAM519, generating pHZ-HA-
HAC1u. The vector pHZ-HA-HAC1s for expression of the N-terminally
HA-tagged spliced HpHAC1s was constructed by replacing the XhoI/
BamHI-treated HA-HAC1u fragment of pHZ-HA-HAC1u with the XhoI/
BamHI-treated HA-HAC1s fragment from pDUH-HA-HAC1s. To inte-
grate a single-copy vector into the HpHAC1 locus, the pHZ-HA-HAC1u

and pHZ-HA-HAC1s vectors were digested with NheI, which has a
unique recognition site located in the HpHAC1 promoter, and trans-
formed into the WT and Hpire1� strains.

Western blot analysis. To detect HA-tagged HpHac1p, total protein
extracts were prepared by bead beating cells in lysis buffer (50 mM Tris
[pH 7.6], 25 mM ammonium acetate, 1 mM EDTA) containing a protease
inhibitor cocktail (Sigma, St. Louis, MO, USA) and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). The cell extract was concentrated by trichloro-
acetic acid (TCA) precipitation. The dried TCA precipitates were resus-
pended in sample loading buffer containing 100 mM Tris (pH 11.0) and
3% sodium dodecyl sulfate (SDS) and heated at 100°C for 5 min. SDS-
PAGE was performed on 4 to 20% gradient gels, immunoblotting was
performed with an anti-HA antibody (Roche, Basel, Switzerland), and
proteins were detected using an alkaline phosphatase substrate kit (Bio-
Rad, CA, USA). To detect intracellular H. polymorpha carboxypeptidase Y
(HpCPY) and S. cerevisiae CPY (ScCPY) in H. polymorpha, total protein
extracts were prepared by bead beating cells in 50 mM sodium phosphate
buffer (pH 7.5) containing protease inhibitor cocktails and 1 mM PMSF.
After centrifugation at 14,240 � g for 10 min at 4°C, total cell lysates were
obtained, and 30 �g of proteins was separated by SDS-PAGE for immu-
noblotting with anti-HpCPY antibody (13) or anti-ScCPY antibody (In-
vitrogen, Carlsbad, CA). The blots were detected using an ECL Advance
Western blotting detection kit (GE Healthcare, Buckinghamshire, United
Kingdom).

Transcriptome analysis using a cDNA microarray. H. polymorpha
DL1-L and the Hphac1� mutant were initially inoculated at an optical
density at 600 nm (OD600) of 0.1 and incubated to an OD600 of 0.3. After
treatment with either 5 mM DTT or 5 �g/ml tunicamycin (TM), samples
were collected at the time points indicated below. Total RNA was isolated
using the hot phenol method and purified using an RNeasy minikit (Qia-
gen, USA) according to the manufacturer’s instructions. cDNA was syn-
thesized from 10 to 20 �g of total RNA using a special RT-dT primer kit
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TABLE 1 PCR primers used in this study

Primer purpose and primera Gene Sequence (5=¡ 3=)
H. polymorpha gene deletion

IRE1 NF HpIRE1 CCGGAATTGCTCCACTCC
IRE1 NR HpIRE1 CCTAAACACGCACGCCTCACGCCTGTCACTCTATTGAGAGC
IRE1 CF HpIRE1 CGTATTACCAAACCGCTTACGTACGTTGATGGACTTGCTCCGAGC
IRE1 CR HpIRE1 CTGTCCATCTGTAGACTCTGG
HAC1 NF HpHAC1 GCACAGTGTTGTATCAAACG
HAC1 NR HpHAC1 CCTAAACACGCACGCCTCACAGCTGTTGAGAGCAGTCAT
HAC1 CF HpHAC1 CGTATTACCAAACCGCTTACGTACGCTCTTTTAATAGCGTGCAT
HAC1 CR HpHAC1 CCAACGGTAAGAAATTCAAG
LEU2 NF HpLEU2 TTGGTGGAATCTACTTTGGT
LEU2 NR HpLEU2 GTGAGGCGTGCGTGTTTAGG
LEU2 CF HpLEU2 GTACGTAAGCGGTTTGGTAATACG
LEU2 CR HpLEU2 CAAACATGTTGTTGGTGACA

Expression vector construction
HpHAC1_HA_1F HpHAC1 GATGTTCCTGACTATGCGACTGCTCTCAACAGCTCT
HpHAC1_2B_SalI HpHAC1 TAGTCGACTCAAGACAAATAGTCGTCAAATTC
HpHAC1_HA_3F_HindIII HpHAC1 CAAAAGCTTATGTACCCATACGATGTTCCTGACTATGC
HpHAC1_4B_SalI HpHAC1 TAGTCGACCTTGTAGATGACATGTAGTG
HpHAC1p_9F_AscI HpHAC1 ATGGCGCGCCTGTGCATTCTTCTGTATACGG
HpHAC1p_10B_EcoRI HpHAC1 ACGAATTCTTTATTATGGGTATTTGTTTGAT
HpHAC1_11F_EcoRI HpHAC1 ACGAATTCATGACTGCTCTCAACAGC
HpHAC1PE_16B HpHAC1 GTTGTGAGACGATTTTTTCGATAACGATTTTGGCGAT
HpHAC1PE_17F HpHAC1 AAAAAATCGTCTCACAACCGCAAAAGAAAGGCGCAA
HpHAC1p fw BamHI HpHAC1 CGGGATCCACAAAGTAACGGAAGC
HpHAC1t rv BamHI HpHAC1 CGGGATCCTGTACACCAAATGAATTAAGAAAGC
ScACT1p_F_KpnI ScACT1(p)b GGGGTACCGCTTTGGACTCCACCAACGT
ScACT1p_B_BglII ScACT1(p) GAAGATCTTGTTAATTCAGTAAATTTTCGATC
ScHAC1p_F_KpnI ScHAC1(p) GGGGTACCAGAGCCACTATCATCGGCG
ScHAC1p_B_BglII ScHAC1(p) GAAGATCTAGTGGCGGTTGTTGTCGTAG

RT-PCR analysis
ACT1 F HpACT1 TCCAGGCTGTGCTGTCGTTG
ACT1 R HpACT1 ACCGGCCAAGTCGATTCTCA
ALG5 F HpALG5 TGGCTCCAGAGCACACATGG
ALG5 R HpALG5 CGTGTCCTTGATGGTGCGAA
ERO1 F HpERO1 ACACAGGCATCGGACAACCC
ERO1 R HpERO1 CAGAACGTTGCCGAGCTCCT
KAR2 F HpKAR2 ATTTTCCACGGCGGCTGATA
KAR2 R HpKAR2 TTGAGGGACGCCTCTTGGTG
LHS1 F HpLHS1 CAGTCTCGAGGCGTCGCTTT
LHS1 R HpLHS1 AACGTCCTCGAGCCACTCCA
MNN2 F HpMNN2 CCCAAACGTGGCTTGACTCC
MNN2 R HpMNN2 CCGGTCCTCCAGCTCCTTTT
OCR5 F HpOCR5 TGATCTACTGCGAGGGCGGT
OCR5 R HpOCR5 GCCCAGTTTTCGGCGTTATG
OST1 F HpOST1 ACAACTTCACCGTCGGCTGG
OST1 HpOST1 TTCCGGCAGGAAGAACGAGA
OST2 F HpOST2 CGTGGCGCAATTTGTGCTTA
OST2 R HpOST2 AGTCACCCAATGCGCGTTCT
PDI1 F HpPDI1 GGCGTCGAGATCACCGGATA
PDI1 R HpPDI1 ATGGCCAAACCGTCAACACC
SCJ1 F HpSCJ1 GCAATTTGGGCTATCGACGC
SCJ1 R HpSCJ1 GAAACGGAATTGTGCGCTCC
SWP1 F HpSWP1 GCGCTTTGGCAGAAAACCAG
SWP1 R HpSWP1 CAAAGCAACGACACCACCGA
WBP1 F HpWBP1 CGTGTGGAAAACTCGTCGCA
WBP1 R HpWBP1 AAGCTGTATCCCTCGCGCTG

a F, forward; R, reverse.
b (p), the promoter of each gene.
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(Genisphere, Hatfield, PA, USA), which contained a specific capture se-
quence, and SuperScript reverse transcriptase (Invitrogen, Carlsbad, CA).
The capture region of the synthesized cDNA was labeled with fluorescent
dyes using a 3DNA Submicro EX expression array detection kit (Geni-
sphere, Hatfield, PA, USA). After hybridization, the microarray slides
(Gene Expression Omnibus [GEO] database accession number GPL4802)
were washed with SSC buffer (0.15 M sodium chloride and 0.015 M so-
dium citrate) and then scanned with a ScanArray 5000 scanner (Packard,
Billerica, CA). All arrays were analyzed using Quintet, an R-based unified
cDNA microarray data analysis system with a graphical user interface
(17). Genes with similar expression patterns across the time points were
clustered using the K-means clustering program.

Accession numbers. The microarray data have been deposited in the
GEO database with the accession numbers GSE67084, GSE68528, and
GSE68217. The DNA sequences of HpHAC1 and H. polymorpha IRE1
(HpIRE1) were deposited in GenBank under accession numbers
DQ679915 and KP279465, respectively.

RESULTS
Identification and characterization of H. polymorpha HAC1.
The UPR, which is essential for proper protein folding and for
degradation of misfolded proteins upon ER stress, is mediated by
the master transcription factor Hac1p in S. cerevisiae (3). We iden-
tified an H. polymorpha homolog (HpHAC1) of S. cerevisiae HAC1
whose translated product, which contains an amino acid sequence
similar to that of the DNA binding domain, exhibits a high degree
of sequence identity with the DNA binding region of S. cerevisiae
Hac1p (see Fig. S1A in the supplemental material). We also iden-
tified an H. polymorpha homolog of S. cerevisiae IRE1 (HpIRE1)
whose translated product has a high degree of overall sequence
identity (43.6%) with S. cerevisiae Ire1p (see Fig. S1B in the sup-
plemental material). To determine whether HpHAC1 mRNA is
spliced by HpIre1p, HpHAC1 mRNAs from cells treated with the
UPR-inducing N-glycosylation inhibitor tunicamycin (TM) were
analyzed by reverse transcription-PCR (RT-PCR). Upon TM
treatment, most of the longer PCR product was converted into the
shorter product in the WT strain (Fig. 1A, left), but the shorter
PCR product was not detected in the Hpire1 null mutant
(Hpire1�) strain, indicating that the TM-induced splicing of
HpHAC1 mRNA is mediated by HpIre1p in H. polymorpha, as
reported in S. cerevisiae (Fig. 1A, right). Sequencing of the two
PCR products indicated that an internal stretch of 177 bp in the
longer product, the unspliced HpHAC1 (HpHAC1u) mRNA, is
absent in the shorter one, the spliced HpHAC1 (HpHAC1s)
mRNA (Fig. 1B). The 5= splicing site was located within the coding
region of the HpHAC1 gene, and the stop codon in the unspliced
form was cleaved out by splicing (Fig. 1B). Thus, after splicing, the
C-terminal 7 amino acids of the unspliced HpHac1p (311 amino
acids) are changed into a new sequence of 20 amino acids of the
spliced HpHac1p (324 amino acids).

Comparison of the amino acid sequences of the active
HpHac1p and ScHac1p, which are generated after splicing,
showed that the overall homology between the two yeast Hac1
proteins is quite low, with 8% identity and 15% similarity, but the
homology between the basic motif and the leucine zipper domains
is significantly higher with 68% identity and 77% similarity (Fig.
1C). Despite such low overall homology, all of the characteristic
domains reported in the S. cerevisiae Hac1p, including the basic
leucine zipper (bZIP; which is required for DNA binding), the
PEST motif (which is involved in the ubiquitin-mediated degra-

dation of Hac1p), and the transcriptional activation domain
(TAD) (18), are also present in the H. polymorpha Hac1p.

We tested whether HpHac1p is a functional homolog of S.
cerevisiae Hac1p. Two different forms of HpHAC1, HpHAC1u and
HpHAC1s, were expressed under the control of the GAL10 pro-
moter in the S. cerevisiae WT and hac1 deletion (Schac1�) strains.
Expression of HpHAC1s severely inhibited the growth of both the
WT and Schac1� strains (see Fig. S2A in the supplemental mate-
rial), consistent with previous reports that the overexpression of
endogenous or heterogeneous active Hac1 proteins severely re-
duces the rate of S. cerevisiae growth (19, 20). However, expression
of the HpHAC1u form rescued the defective growth of the
Schac1� mutant subjected to TM stress. We found that HpHAC1
mRNAs were spliced with a very low efficiency in S. cerevisiae

FIG 1 Analysis of Ire1p-mediated H. polymorpha HAC1 splicing under UPR-
induced conditions. (A) RT-PCR analysis of HpHAC1 splicing upon UPR
induction by TM treatment in H. polymorpha DL1-L WT and Hpire1� mutant
cells. (B) Diagram showing the binding site of the primers used for RT-PCR
analysis. HpHAC1u, unspliced form of the HpHAC1 transcript; HpHAC1s,
spliced form of the HpHAC1 transcript. (C) Structural organization of
HpHac1p and ScHac1p translated after unconventional splicing of HAC1
mRNAs. Dark vertical lines, PEST domains; small grid lines, transcriptional
activation domain (TAD); aa, amino acids.
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upon TM treatment (data not shown). HpHac1p at such low levels
might not be toxic to cell growth, but it might be functional
enough to complement the defective growth of the Schac1� mu-
tant. Indeed, the use of the S. cerevisiae ACT1 or HAC1 promoter
to direct the less efficient expression of HpHAC1s was able to
recover the growth defect of the Schac1� mutant in the presence
of TM more efficiently than the use of the strong GAL10 promoter
(see Fig. S2B in the supplemental material). Thus, these results
strongly indicate that H. polymorpha Hac1p is a functional ho-
molog of S. cerevisiae Hac1p.

Negative regulation of Hac1p expression by an unconven-
tional intron in H. polymorpha. As was observed previously for
HAC1 orthologs found in other yeasts and filamentous fungi, the
unconventional intron of the H. polymorpha HAC1 mRNA is pre-
dicted to have a secondary structure that forms two short stem-
loops (Fig. 2A). The conserved splicing site CAG|CAG is present at
both putative intron borders and is likely recognized by HpIre1p.
Moreover, the intron contains the sequence 5=-TCAAACAAATA
CCCATAA-3=, which forms long-range base pairs with sequences
in the 5=UTR region. The base pairing between the HAC1 5=UTR
and its intron inhibits translation of the HAC1 mRNA, which is
critical for activation of a plethora of UPR target genes, in S. cerevi-
siae (5).

To determine whether this negative regulation of HAC1 ex-
pression at the translational level occurs in H. polymorpha, we
constructed strains expressing an N-terminally HA-tagged, un-
spliced HpHAC1 protein (HA-HpHac1u) and spliced HpHAC1
protein (HA-HpHac1s) (Fig. 2B, top). While HA-HpHac1s was
detected both in the WT and in the ire1-null (Hpire1�) mutant,
HA-HpHac1u was expressed only in the WT and not in the
Hpire1� mutant (Fig. 2B, bottom), suggesting that the unconven-
tional intron of HpHAC1 mRNA inhibits its translation to prevent
the synthesis of HpHac1p. To determine whether the translational
inhibition is mediated by the interaction of the HpHAC1 intron
with its 5= UTR, we replaced the HpHAC1 5= UTR with the
HpMOX1 5= UTR. We found that the HpMOX1 5= UTR-HA-
HpHAC1u construct was efficiently translated in yeast cells
growing under normal conditions (Fig. 2C), indicating the in-
volvement of the 5= UTR in translational inhibition. As shown in
Fig. 1B, the translation product of spliced HpHAC1 mRNA (HA-
Hac1s), generated by using the stop codon at 975 bp, was found to
be larger than the translation product of the unspliced HpHAC1
mRNA (HA-Hac1u), generated by using the stop codon at 936 bp.
Altogether, these results strongly suggest that the base paring be-
tween the HpHAC1 intron and its 5= UTR is responsible for the
negative regulation of HpHAC1 expression at the translational
step.

Roles of HpHac1 in growth under stress conditions. To in-
vestigate the physiological function of HpHAC1, we analyzed the
growth phenotypes of a H. polymorpha hac1-null (Hphac1�) mu-
tant. In contrast to S. cerevisiae hac1�, the Hphac1� mutant
showed a slightly retarded growth even under normal growth con-
ditions and a decreased thermal tolerance compared to that of the
WT (Fig. 3A). Moreover, the Hphac1� strain did not show the
inositol auxotrophic phenotype (Fig. 3B), which is interesting be-
cause a lack of Hac1p results in inositol auxotrophy in S. cerevisiae
due to the involvement of UPR in lipid biogenesis (21). The
growth of the Hphac1� strain was severely impaired in the pres-
ence of the UPR-inducing agents dithiothreitol (DTT) and TM.
Intriguingly, the Hphac1� strain was also very sensitive to calco-

FIG 2 Analysis of HpHac1p expression in the H. polymorpha WT and ire1-
disrupted strains. (A) Predicted secondary structure of the intron in the
HpHAC1 mRNA loop and putative sites of cleavage by Ire1p. The HpHAC1 5=
UTR and intron can interact by base paring. (B, C) Western blot analysis of the
N-terminally HA-tagged HpHac1u and HpHac1s proteins under the control of
the native promoter (B) or under the control of the MOX promoter (C). The
H. polymorpha cells were cultivated in YPD or YPM (1% Bacto yeast extract,
2% Bacto peptone, 2% methanol) at 37°C for 8 h, and 10 �g of total cell
extracts was analyzed by immunoblotting with anti-HA antibody.
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fluor white (CFW) and SDS, which did not affect the growth of the
Schac1� strain (Fig. 3C). The growth defects caused by CFW and
SDS were rescued by addition of 0.5 M KCl, an osmotic stabilizer
(Fig. 3D), suggesting that the impaired growth of the Hphac1�
strain may largely be due to the loss of cell wall integrity.

On the other hand, we determined whether the increased sta-
bility of HpHac1p makes H. polymorpha cells more resistant to
TM. In S. cerevisiae, the Hac1p PEST motif mediates proteosomal
degradation of the proteome, and thus, mutation of the PEST
motif increases UPR-dependent transcription and resistance to
ER stress (18). HpHac1p is predicted to contain two consecutive
PEST motifs that are located between amino acids 148 and 177 (28
amino acids; PEST score, 13.86) and between amino acids 177 and
190 (12 amino acids; PEST score, 12.42). We constructed the
spliced form of HpHAC1 lacking both PEST motifs (HpHAC1s-
�PEST) and integrated it into the HpHAC1 locus in the WT and
Hphac1� strains. We found that HpHAC1s-�PEST increased
the level of resistance to TM compared to that achieved with
HpHAC1s in both strains (Fig. 3E). This result confirms that
HpHac1p is required for the growth of H. polymorpha under
UPR-inducing conditions.

Identification of genes regulated by HpHac1p under normal
growth conditions. To investigate the differences in gene expres-
sion profiles between the WT and Hphac1� strains under normal
growth condition, we analyzed the transcriptomes of the strains
grown in YPD medium in the absence of UPR-inducing agents
using microarray analysis. RNA samples were collected from
H. polymorpha cells in early exponential growth phase because
Hphac1� mutant cells grow slower in the late exponential phase
than WT cells (Fig. 4A). The transcriptome analysis indicated that
expression of a set of glycosylation and ER chaperone genes is
downregulated in the Hphac1� mutant compared to their levels of
expression in the WT (Fig. 4B and C), implying that the growth
retardation of the Hphac1� mutant may be related to the low
levels of expression of these genes even under normal growth con-
ditions. The levels of expression of several genes involved in cell
wall construction and remodeling, such as CHS2 (which encodes
chitin synthase II), GAS1 (which encodes �-1,3-glucanosyltrans-
ferase), and CTS1 (which encodes extracellular endochitinase), were
shown to be increased, reflecting the existence of compensatory
mechanisms for defective cell wall integrity. The expression of a num-
ber of heat shock proteins (HSPs) was also upregulated, and this in-

FIG 3 Growth phenotype analyses of H. polymorpha hac1� strains. The results of thermotolerance analysis (A), inositol auxotrophy analysis (B), and analysis of
sensitivity to cell wall perturbation (C, D) of the H. polymorpha WT [Hp(WT)] and Hphac1� strains are shown. The S. cerevisiae WT [Sc(WT)] and hac1� strains
were spotted as controls. Yeast cells were grown to stationary phase in YPD medium, and a 10-fold dilution series was spotted onto a YPD plate at 30°C, 37°C,
and 45°C or onto YPD plates containing 10 mM caffeine, 0.01% SDS, or 45 �g/ml CFW without or with the addition of 0.5 M KCl. Ino, inositol. (E) Effect of
HpHAC1s and HpHAC1s�PEST (HpHAC1s-�P) expression on ER stress resistance.
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creased expression might facilitate protein folding in Hphac1� mu-
tant cells with the decreased expression of ER chaperones.

Identification of HpHAC1-dependent core UPR genes up-
regulated in response to UPR induction. To identify the HAC1-

dependent core UPR genes that are commonly increased in re-
sponse to both DTT and TM treatment, but only in the presence of
HpHac1p, we carried out two types of time course transcriptome
analyses. First, to identify genes whose expression is affected by
DTT or TM, we compared the transcriptomes of WT cells grown
in YPD medium containing either DTT or TM with the transcrip-
tomes of WT cells grown in YPD medium only (Fig. 5A, left). DTT
or TM treatment induced the expression of a number of genes
associated with all steps of the secretion process but downregu-
lated a number of genes involved in protein synthesis, transcrip-
tion, and DNA synthesis (see Fig. S3B in the supplemental mate-
rial). Interestingly, the UPR response to DTT treatment was rapid
but transient, while the response to TM treatment was consider-
ably slower but continued to increase over time (Fig. 3A). Most of
the genes that were induced in response to DTT treatment are
involved in the oxidative response, while most genes that were
induced in response to TM treatment are involved in glycosyla-
tion. This suggests that the main stress caused by DTT is oxidative
stress, the response to which was rapid and transient, and also
suggests that TM treatment generates an N-glycosylation defect.
The results confirm that these agents interfere with ER folding by
different mechanisms: DTT, the strong reducing agent, prevents
disulfide bond formation (22), whereas TM inhibits an early step
of N-glycosylation by blocking the transfer of N-acetylgluco-
samine-1-phosphate from UDP-N-acetylglucosamine to dolichol
phosphate in the synthesis of lipid-linked oligosaccharides (23).
Second, to identify genes whose expression is dependent upon
HpHac1p under UPR-induced conditions, we analyzed the differ-
ences in expression patterns between WT and Hphac1� mutant
cells grown under DTT- or TM-induced UPR conditions (Fig. 5A,
right) and selected genes that were downregulated more than
2-fold in the Hphac1� mutant compared to their levels of regula-
tion in the WT. Thus, by combining the results of the two types
of transcriptome analyses, we identified 50 HpHAC1-depen-
dent core UPR genes whose expression is increased upon treat-
ment with DTT and with TM, but only in the presence of
HpHac1p (Fig. 5B).

The HpHAC1-dependent core UPR genes include several gene
families having specific functions in protein folding, processing,
and transport (Table 2): genes playing a role in protein folding in
the ER (KAR2, ERO1, SCJ1, LHS1, PDI1), genes required for pro-
tein N-glycosylation (ALG5, OST1, OST2, OST4, SWP1, WBP1,
KTR1, OCR5, MNN4, MNN2), genes involved in protein trans-
port from the ER to the Golgi apparatus (SEC66, SEC61, SEC31,
SEC4, SEC53), and genes required for the reverse transport of
vesicles from the Golgi apparatus to the ER (SEC21, SEC26,
RET2). We validated the microarray data by quantitative RT-PCR
(qRT-PCR) and confirmed the more apparent and sustained in-
duction by TM treatment compared to the less and transient in-
duction by DTT treatment (Fig. 3A and 6). A previous transcrip-
tome study of the induction of the S. cerevisiae UPR by both DTT
and TM in an IRE1- and HAC1-dependent manner reported that
many aspects of secretory functions, including translocation, pro-
tein glycosylation, vesicular transport, vacuolar protein targeting,
ER-associated degradation, lipid/inositol metabolism, and cell
wall biosynthesis, were upregulated by the UPR (3). Compared
to these S. cerevisiae UPR genes involved in several functions
throughout the secretory pathway, the H. polymorpha UPR genes
identified in this study were shown to be more enriched in the

FIG 4 Transcriptome profile of the Hphac1 disruption mutant. (A) Growth of
WT and Hphac1� mutant cells in YPD medium at 37°C. (B) Scatter plots reflect-
ing the differential expression profiles of the WT and Hphac1� strains cultivated in
YPD under normal condition. Total RNAs were obtained from WT strain DL1
and Hphac1� mutant cells grown to log phase (OD600, �0.5) inYPDmediumand
subjected to microarray analysis using a whole-genome microarray. Red spots, genes
up- or downregulated more than 2-fold in the Hphac1 mutant compared to their
expression in the WT strain; green spots, genes showing less than 2-fold differential
expression in the WT and mutant strains. (C) Genes up- and downregulated in the
Hphac1�mutant compared to their expression in the WT under normal growth con-
ditions on YPD. The annotated genes were functionally categorized according to the
Munich Information Centre for Protein Sequences (MIPS). Pa, Pichia angusta; Ca,
Candida albicans; Kl, Kluyveromyces lactis.
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functional categories involved in protein glycosylation processes
(see Table S3 in the supplemental material).

Modulation of protein glycosylation activity by HpHac1p in
H. polymorpha. Our transcriptome data showed that several
genes involved in N-linked glycosylation are HpHAC1-dependent
core UPR targets. To determine whether N-glycosylation is af-
fected by HpHac1p, we analyzed the glycosylation pattern of a
vacuolar glycoprotein, carboxypeptidase Y (CPY), in the WT and
the Hphac1� mutant. H. polymorpha CPY (HpCPY) has three
N-glycosylation sites (24), and the precursor HpCPY, with a cal-
culated molecular weight (MW) of 60,793, is converted into the
mature HpCPY with a predicted MW of 47,142 (Fig. S4A) by a
process that is mediated by the vacuolar proteinase A HpPep4p
(25). We detected diffuse protein bands with MWs higher than
60,000 in the intracellular extract of H. polymorpha WT cells,
which suggests that the HpCPY protein is modified by N-linked
glycosylation in the ER followed by hypermannosylation in the
Golgi apparatus. We found that the sizes of the diffuse bands of
HpCPY were significantly reduced in the Hphac1� mutant grown
in YPD medium without TM (Fig. 7A), suggesting that overall
N-glycosylation activity decreases in the Hphac1� mutant, even
under normal growth conditions. We confirmed that peptide-N-

FIG 5 Identification of HpHAC1-dependent core UPR genes. (A) Schematic diagram of sample preparation for microarray analysis. (B) Venn diagrams
illustrating the overlapped genes up- and downregulated in the WT and Hphac1� strains under conditions with TM and DTT treatment (left) and the functional
categories of the core UPR target genes based on the Munich Information Centre for Protein Sequences (right). 1-1, amino acid metabolism; 1-2, nitrogen sulfur
and selenium metabolism; 1-3, nucleotide/nucleoside/nucleobase metabolism; 1-4, phosphate metabolism; 1-5, C compound and carbohydrate metabolism; 2,
energy; 3, cell cycle and DNA processing; 4, transcription; 6, protein fate; 7, protein with binding function or cofactor requirement; 9, cellular transport, transport
facilitation, and transport routes; 14, unclassified proteins.

TABLE 2 HpHAC1-dependent core UPR genes identified by
transcriptome analysis and their functional category

Functiona H. polymorpha gene(s)

Cytoskeleton ARP2, ARC35, BZZ1, CAP2, SLA2
Glycosylation ALG5, MNN2, MNN4,b KTR1, OST1, OST2, OST4,

OCR5, SWP1, WBP1
Lipid metabolism INP51
Protein degradation CUE1, PNG1b

Protein folding ERO1, KAR2, LHS1, PDI1, SCJ1
Secretion SEC4, SEC21, SEC26, SEC31, SEC53, SEC61,

SEC66, RET2
Signaling DIG1, SCK1, SET3, SKS1
Transport FCY2, PMR1, YBR235W
Vacuolar VMA10
Other BDH1, BUD7, CAF120, ERG6, HPC2, YDR100W,

YHR140W, YHR112C, YIL057C, IPF3486,b

SPAC13C5.04b

a The distribution of differentially expressed genes was made according to functional
categories of the Munich Information Center for Protein Sequences (MIPS).
b H. polymorpha open reading frames annotated by gene information for organisms
other than S. cerevisiae.
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glycosidase F treatment, which eliminates N-glycans from glyco-
proteins, generated HpCPY proteins with the same size of 47 kDa
as major products both in the WT and in the Hphac1� mutant
strain (see Fig. S4B in the supplemental material). This strongly
supports the suggestion that the smaller size of diffuse bands of
HpCPY in the Hphac1� mutant is mainly due to the lower effi-
ciency of N-glycosylation and is not due to HpCPY degradation.
This finding is consistent with the results from our transcriptome
analysis (Fig. 4C), which indicated that the expression levels of
many N-glycosylation genes were lower in the Hphac1� mutant
than in the WT, even without UPR induction. Quite interestingly,
upon TM treatment, the level of hyperglycosylated HpCPY de-
creased, while HpCPY of �47 kDa (designated X in Fig. 7A) ac-

cumulated in the WT (Fig. 7A). In contrast, the extent of HpCPY
hyperglycosylation did not change significantly, even 3 h after TM
treatment, and the �47-kDa HpCPY protein barely accumulated
in the Hphac1� strain. The �47-kDa HpCPY protein appears to
be an unglycosylated form of the mature CPY protein, on the basis
of the fact that its migration pattern was almost identical to that of
the HpCPY protein treated with peptide-N-glycosidase F (see Fig.
S4B in the supplemental material). Although the detailed mecha-
nism underlying this differential pattern of CPY processing in the
WT and the Hphac1� mutant remains unknown, the results sug-
gest the involvement of Hac1p in protein processing under TM-
induced UPR conditions.

Next, we tested whether overexpression of HpHac1p can in-
crease the N-glycosylation levels of heterologous glycoproteins in
H. polymorpha. To do this, we compared the N-glycosylation pat-
terns of the S. cerevisiae CPY (ScCPY), which has four N-glycosy-
lation sites, in the WT with or without the HpHac1s protein (Fig.
7B). Quite interestingly, overexpression of the active HpHac1s

protein shifted heterogeneously glycosylated ScCPY to forms that
were more homogeneous and hyperglycosylated in WT cells than
in the control cells without HpHac1s expression (Fig. 7B). To
confirm the positive effect of HpHac1p on the modulation of gly-
cosylation, we performed the same experiment employing the
Hpalg3� mutant strain, which has a defect in the conversion

FIG 6 Quantitative real-time PCR analyses of HpHAC1-dependent core UPR
genes. H. polymorpha DL1-L (WT) and Hphac1� mutant cells grown to log
phase (OD600, �0.3) in YPD medium were transferred to YPD supplemented
with 5 mM DTT or 5 �g/ml TM. RNA samples from the WT treated with TM
(squares) or DTT (diamonds) and from the Hphac1� mutant treated with TM
(triangles) or DTT (�) were prepared at the times indicated on the x axes (in
minutes) and analyzed by qRT-PCR. The relative levels of induced expression
are expressed as the ratio of the mRNA level of each gene to the mRNA level of
HpACT1.

FIG 7 Comparative analysis of CPY protein processing in the WT, Hphac1�
mutant, and HpHAC1s-overexpressing strains. (A) Time course analysis of
HpCPY processing after TM treatment. The H. polymorpha WT and Hphac1�
mutant were grown in YPD to exponential phase (OD600 �0.5) before being
treated with 5 �g/ml TM for 3 h. Western blot analysis was performed with
total intracellular protein extracts using anti-HpCPY antibody. (B) Effect of
HpHAC1s on N-glycosylation of ScCPY proteins. H. polymorpha DL1-LdU
strains harboring the ScCPY expression vector pDLGAP-ScCPY with or with-
out the HA-HpHAC1s expression vector pDUM2-HA-HAC1s were incubated
in YPM medium containing 0.5% methanol for 12 h. Total cell extracts were
analyzed by immunoblotting with anti-ScCPY antibody.
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step of Man5GlcNAc2-dolichyl pyrophosphate (Dol-PP) to
Man6GlcNAc2-Dol-PP in the ER (15). Our previous study re-
ported that the S. cerevisiae CPY protein was hypoglycosylated
with a reduced extent of occupancy at N-glycosylation sites in the
Hpalg3� mutant (13). Overexpression of the active HpHac1s pro-
tein increased the amount of hyperglycosylated ScCPY in
Hpalg3� mutant cells compared to that in control cells without
HpHAC1s expression (Fig. 7B). Collectively, these results demon-
strate that increased expression of active H. polymorpha Hac1p
enhances protein glycosylation activity in H. polymorpha.

DISCUSSION

Elucidating the mechanisms underlying UPR is of special interest
to industrial mycologists because yeast and filamentous fungi
overexpressing heterologous proteins experience ER stress caused
by the accumulation of unfolded proteins and defects in the ER
membrane. Moreover, recent studies strongly implicate UPR as a
central regulator of fungal pathogenesis (26). The basic features of
the Hac1-dependent UPR signaling pathway appear to be well
conserved in most fungal species, although several recent reports
have revealed unexpected variations, such as the lack of the Hac1
homolog in the fission yeast Schizosaccharomyces pombe (27) and
the absence of the canonical Ire1-Hac1 UPR in Candida glabrata
(28). Each of the HAC1 orthologs of Candida albicans, Cryptococ-
cus neoformans, Aspergillus fumigatus, and Alternaria brassicicola
has a short unconventional intron (19, 20, 29, and 56 nt, respec-
tively) (29–32). In this study, we show that HpHAC1 mRNA con-
tains a nonconventional intron of 177 bp which inhibits the ex-
pression of HpHAC1 at the translational level and that HpHac1p
is essential for UPR induction as well as normal cell growth. Most
importantly, we demonstrate that protein glycosylation is modu-
lated by HpHac1p in H. polymorpha.

Like S. cerevisiae HAC1, which also contains a long intron, we
showed that expression of HpHAC1 is regulated by base pairing of
its intron with the complementary sequences in its 5= UTR (Fig.
2). In contrast, the fungal HAC1 orthologs and mammalian XBP1,
which contain short introns, use different regulatory mechanisms
to control the expression level of Hac1/XBP1 homologs. Mamma-
lian cells translate the unspliced XBP1 mRNA under unstressed
conditions but rapidly degrade the resulting XBP1 protein by the
proteasome (33). C. albicans, T. reesei, A. nidulans, and Aspergillus
niger express HAC1 mRNAs with truncated 5= UTRs in response
to stress, and these are translated more efficiently (34). It would be

interesting to study the evolutionary relationship between the size
of the unconventional intron and the mechanism of regulation of
HAC1 expression.

In S. cerevisiae, the classical UPR element UPRE1 was found in
the promoters of several UPR target genes, such as KAR2/BiP, and
was defined to have a semipalindromic 7-nucleotide consensus
sequence, CAGNGTG (6). Further studies by computational ge-
netic screens of S. cerevisiae UPR gene promoters led to the dis-
covery of two additional novel UPREs, UPRE2 and UPRE3, which
are necessary and sufficient for UPR activation of the promoters,
and the additional role of Gcn4p, another bZIP transcription fac-
tor, in the activation UPR (35). We detected almost identical
UPRE sequences, including the classical UPRE1 and the addi-
tional UPRE2 and UPRE3 motifs, in the promoter regions of the
core HAC1 regulons of H. polymorpha (Table 3). It is possible that
H. polymorpha Hac1p can bind to the same DNA elements present
in the promoters of UPR target genes of S. cerevisiae, thus comple-
menting the defects of S. cerevisiae hac1 mutants (see Fig. S1 in the
supplemental material), despite the overall low degree of homol-
ogy to ScHac1p. Several novel binding motifs were also identified
in the promoters of H. polymorpha HAC1 regulons (data not
shown), but the biological significance of these motifs has yet to be
investigated.

In an effort to enhance the protein secretion and folding capac-
ity of yeast and fungal cells, several attempts have been made to
manipulate the expression level of Hac1p. Hac1p overexpression
increased the expression of a set of ER chaperones, improving the
secretory production of some heterologous proteins (20) and the
cell surface expression of bacterial esterase A in S. cerevisiae (36)
and secreted, surface-displayed, and membrane proteins in P. pas-
toris (10). However, depending on the target protein, expression
of Hac1p either decreased the amount of heterologous proteins or
exerted only a modest to no effect on expression levels, suggesting
that the effect of Hac1p overexpression needs to be evaluated on a
case-by-case basis (10, 20, 37). We report here that overexpression
of HpHac1p has a positive effect on the N-glycosylation pattern of
a heterologous glycoprotein, S. cerevisiae CPY, generating more
homogeneously glycosylated forms (Fig. 7B). Similarly, overex-
pression of Hac1p improved the processing of the signal peptide
of the adenosine A2 receptor in P. pastoris (10). Thus, we suggest
that the beneficial effects of increased Hac1p activity include
enhanced protein processing, such as glycosylation activity and
proteolytic cleavage. Further studies of the UPR induced by the

TABLE 3 Analysis of UPRE regulatory motif in HpHAC1-dependent UPR target promoters

UPRE in S. cerevisiaea Sequence H. polymorpha gene(s)

UPRE1, classical UPRE (23/50) CAGNGTG ALG5, ARC35, CAF120, CUE1, DIG1, FCY2, HPC2, INP51, KAR2, LHS1, MNN2, OCR5,
OST1, OST4, PMR1, SEC4, SEC31, SEC53, SEC61, SEC66, SKS1, WBP1, YBR235W

UPRE2, putative motif 1 (21/50) CGTGTCGG FCY2, HPC2, STE3
ACGTGTCG KAR2, SKS1
CGTGTCC BUD7, HPC2, SEC4, SEC61, YBR235W
TACGTG ERG6, ERO1, HPC2, KAR2, KTR1, LHS1, OCR5, PDI1, SEC4, SEC21, SEC26, SLA2,

SKS1, WBP1, YBR235W, YHR140W, YIL057C
UPRE3, putative motif 8 (1/50) AGTAGGAC

AGGACAAC KAR2
Other (16/50) ARP2, BDH1, BZZ1, CAP2, MNN4, OST2, PNG1, RET2, SCJ1, SCK1, SWP1, VAM10,

YHR112C, YDR100W, IPF3486, SPAC13C5.04
a The UPRE sequences in S. cerevisiae are from the reference 35. Data in parentheses represent the number of genes with the UPRE/total number of HpHAC1-dependent UPR
targets.
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expression of an aberrant secreted protein or a misfiled heter-
ologous protein in H. polymorpha would generate more relevant
information on the practical application of UPR to the devel-
opment of host strains producing secretory recombinant pro-
teins of industrial interest. We propose that the systematic ma-
nipulation of UPR mediated by Hac1p would facilitate the
successful exploitation of yeast as an intelligent cell factory for
the secretory production of correctly folded and processed re-
combinant proteins.
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