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HA1077 displays synergistic 
activity with daclatasvir against 
hepatitis C virus and suppresses 
the emergence of NS5A resistance-
associated substitutions in mice
Seung-Hoon Lee1, Jae-Su Moon1, Bo-Yeong Pak1, Geon-Woo Kim1, Wooseong Lee1, Hee Cho1, 
SangKyu Kim2, Seong-Jun Kim3 & Jong-Won Oh1

The kinase C-related kinase 2 (PRK2), which phosphorylates hepatitis C virus (HCV) RNA polymerase, is 
a proviral factor enhancing HCV replication. Here, we report on the in vivo anti-HCV efficacy of HA1077, 
which inhibits viral genome replication by targeting PRK2 and displays viral entry inhibitory activity 
by targeting Rho-associated kinase. HA1077 showed synergistic antiviral activity selectively with 
nonstructural protein 5 A (NS5A) inhibitors including daclatasvir (DCV). HA1077 oral administration 
substantially reduced serum viral loads in mice bearing HCV genotype 2a-replicating Huh7 xenografts. 
When administered with DCV, HA1077 potentiated the antiviral efficacy of DCV and suppressed the 
generation of DCV resistance-associated variants (RAVs). By deep-sequencing analysis, we uncovered 
an unprecedented DCV-induced polymorphism at the poly-proline motif (PxxPxxP) of NS5A. 
Coadministration of HA1077 reduced such a polymorphism. Overall, our results demonstrate the 
potential therapeutic benefit of combination therapy with HA1077 plus DCV for HCV patients carrying 
emerging or pre-existing RAVs toward NS5A inhibitors.

Hepatitis C virus (HCV) is a major cause of chronic liver diseases and hepatocellular carcinoma. Currently, it is 
estimated that more than 185 million people worldwide are suffering from HCV-related diseases1. After the clin-
ical application of the first-generation NS3/4 A protease inhibitors telaprevir and boceprevir, during the last dec-
ade a number of direct acting antiviral agents (DAAs) targeting viral nonstructural (NS) proteins [e.g., NS3/4 A 
protease, NS5A, and NS5B RNA-dependent RNA polymerase (RdRp)] have been approved to treat HCV infec-
tion and they have been displaying a high sustained virological response (SVR) rate of up to ~90%2–6.

Despite their potent antiviral efficacy, most DAAs, particularly when used as a monotherapy, have a 
lower genetic barrier to resistance7, because HCV RNA polymerase ensures the survival of the virus due 
to its low fidelity, which leads to high genetic variation in the HCV genome8. Furthermore, preexisting DAA 
resistance-associated variants (RAVs), even in naïve patients, and those selected during DAA combination ther-
apies have been observed in clinical studies9. Therefore, emergence of DAA RAVs is yet a major drawback of 
DAAs. To overcome this, combination therapies using DAAs become now representative approaches for HCV 
treatment10–15. Nevertheless, new combination therapies still need to be developed for patients with RAVs who 
do not respond to current DAAs and for those with difficult-to-treat HCV genotypes such that alternative or 
advanced treatment options can be provided for better management of HCV infection4.

Host-targeting antiviral agents (HTAs) are potentially pan-HCV genotypic antivirals that have a higher 
genetic barrier to resistance than DAAs do because they target proviral cellular factors. Thus, HTAs are attrac-
tive alternative strategies to overcome the shortcomings or complement the drawbacks of current DAAs. There 
are two main targets of HTAs: the factors enhancing innate immune responses and the proviral cellular factors 
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necessary for HCV life cycle16. Despite of a number of HTAs that have been investigated as treatment options 
for patients carrying RAVs against DAAs, no agents have been approved for treatment so far17,18. We previously 
demonstrated that protein kinase C-related kinase 2 (PRK2; also known as PKN2) is responsible for the phos-
phorylation of HCV RdRp19,20. Inhibition of PRK2 and its depletion by RNAi reduced HCV loads in vitro and in 
a mouse model of HCV replication, respectively, proving its proviral role21,22.

HA1077 (also known as fasudil), which inhibits both PRK2 and Rho-associated kinase (ROCK) with high 
selectivity compared numerous other kinases23, has been used to treat cerebral vasospasm via its ROCK-inhibiting 
activity24. It also delayed cerebral ischemic symptoms and prevented myocardial ischemia in patients with vasos-
pastic angina by targeting ROCK activity25,26. In addition, HA1077 displayed tumor metastasis inhibitory activity 
in human as well as in rat tumor models without noticeable adverse effects27. In this study, we set out a strategy to 
reduce the frequency of DAA resistance mutant emergence by combining DAAs with HA1077. We investigated if 
there are any synergistic effects by such combinations and analyzed whether HA1077 can suppress the emergence 
of RAVs against the most potent anti-HCV drug targeting NS5A, daclatasvir (DCV; also known as BMS-790052 
and Daklinza)6 in a mouse model of HCV replication.

Results
HA1077 interferes with HCV entry via its ROCK-inhibitory activity.  Recent genome-wide siRNA 
screening studies identified ROCK2 as a proviral factor with a potential role in HCV entry28. Since HA1077 
[1-(5-isoquinoline-sulfonyl)-homopiperazine] (Fig. 1a) was originally discovered as a ROCK inhibitor although 
it is equally active against PRK223,24, we were interested in testing the impact of HA1077 on HCV entry. As shown 
Fig. 1b, pre-treatment with HA1077 significantly reduced HCV RNA titers in HCV-infected Huh7 cells, although 
the degree of inhibition was slightly lower, albeit not statistically significant, than that achieved by post-infection 
HA1077 treatment. Further virus entry experiments using PKH67 dye-labeled HCV revealed that HA1077 could 
indeed impede HCV entry as evidenced by the ~50% decrease in HCV-positive staining in HA1077-pretreated 
cells (Fig. 1c,d).

We previously observed that RNAi-mediated depletion of ROCK1 or ROCK2 had no effect on viral replication 
in Huh7 cells harboring an HCV subgenomic replicon21. However, silencing the expression of ROCK1 or ROCK2 
prior to HCV infection interfered with HCV entry (Fig. 1e,f), verifying the important function of these kinases 
in the HCV entry process and demonstrating that anti-HCV activity of HA1077 is in part due to the inhibition of 
ROCK-mediated HCV entry. HA1077 also displayed anti-HCV activity by inhibiting PRK2-mediated HCV RNA 
polymerase phosphorylation22. Thus, the anti-HCV activity of HA1077 appears to be mediated through its dual 
inhibitory activity against PRK2 and ROCK.

Therapeutic efficacy of HA1077 in a mouse model of HCV replication.  We tested the antiviral activ-
ity of HA1077 in immunocompromised non-obese diabetic/severe combined immunodeficiency (NOD-SCID) 
mice bearing HCV-infected Huh7 cells, which were implanted orthotopically into the mouse liver21. The mice 
were given HA1077 perorally every 12 hours based on its in vitro PRK2 inhibitory activity lasting 8–12 h, as 
reflected by pPRK2 level reduction assessed by immunoblotting analysis (Supplementary Fig. 1). Oral adminis-
tration of HA1077 (100 mg/kg body weight) twice daily with a 12-h interval significantly reduced serum HCV 
RNA loads (94% reduction compared to saline-treated group, **P < 0.01) at day 6 (Fig. 2a). HA1077 displayed 
various degrees of antiviral activity in all of the treated mice (n = 10) and resulted in a mean reduction of 1.9 
log10 serum HCV titer with a maximum 2.9 log10 viral titer reduction at day 15. Consequently, we could observe 

Figure 1.  Inhibition of HCV entry by HA1077. (a) Molecular structure of HA1077. (b) Huh7 cell pre-treated 
with HA1077 (20 μM) for 24 h were infected with HCV or HCV-infected cells were treated with HA1077. 
Intracellular HCV RNA loads were determined by RT-qPCR 2 days after viral infection. (c,d) Entry of PKH67 
dye-labeled HCV was monitored in HA1077-pretreated Huh7 cells by fluorescent microscopic analysis (c) 
and quantification of fluorescence intensity (d). Images were representative of at least three independent 
experiments and were taken 6 h post-infection. (e,f) Effect of ROCK1 or ROCK2 depletion on HCV entry 
was analyzed as in (c,d) 2 days after treatment with the indicated siRNAs (50 nM). The immunoblots (IB) are 
representative of two independent experiments. In all panels, data are mean ± s.d. **P < 0.01 by unpaired two-
tailed Student’s t-test. n.s., not significant. Scale bar, 50 μm.
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a significant reduction in HCV core protein levels at different depths (upper, middle, and lower portions) of the 
retrieved xenografts of HCV-infected Huh7 (Fig. 2b,c; overall 60–85% reduction in three randomly selected mice, 
**P < 0.01) (Fig. 2b,c).

HA1077 synergistically inhibits HCV with NS5A inhibitors.  Since HCV clearance was not achieved by 
HA1077 alone in the 2-weeks administration schedule, we assessed whether its antiviral efficacy could be potenti-
ated in synergy with DAAs. Initially, we chose the NS3/4 A protease inhibitor telaprevir, the NS5A inhibitor DCV, 
and the NS5B inhibitor sofosbuvir as combinatory partners of HA1077. Among these DAAs tested at their EC90 
values with 20 μM HA1077, only DCV synergistically reduced HCV subgenomic replicon levels (Fig. 3a,b). By 
contrast, telaprevir and two additional protease inhibitors (simeprevir and asunaprevir: Supplementary Fig. 2) did 
not show synergy when used in various combinations with HA1077.

In addition to DCV, two other potent NS5A inhibitors, ledipasvir and ombitasvir, showed such a synergy 
effect (Supplementary Fig. 3). These NS5A inhibitors reduced HCV RNA titer effectively in synergy with HA1077 
at various tested doses [combination index (CI) value of <1 at all tested combinations]. In contrast, none of 
the NS5B inhibitors tested (i.e., sofosbuvir, dasabuvir, and mericitabine) synergistically potentiated the antiviral 
activity of HA1077 (Fig. 3a and Supplementary Fig. 4). Importantly, the combination of DCV and HA1077 effec-
tively prevented the generation of DCV-resistant variants as revealed by the colony formation assay using an HCV 
genotype (GT) 1b subgenomic replicon; combination of 100 pM DCV and 20 μM HA1077 reduced the resistant 
variant generation frequency from 11% (by DCV alone) to 1.5% (Fig. 3c,d).

In vivo efficacy of the HA1077 and DCV combination against HCV.  DCV displays its anti-HCV 
activity by multiple mechanisms including disruption of replication factory formation and prevention of viral 

Figure 2.  Antiviral efficacy of HA1077 in an orthotopic xenograft mouse model of HCV replication. (a) Serum 
HCV RNA titer in NOD-SCID mice carrying HCV-infected Huh7 cells implanted in the liver. The mice were 
given saline or HA1077 (100 mg/kg body weight) perorally twice a day for 15 days. (b,c) Immunostaining of 
HCV core protein (Core) in the xenografts retrieved at day 15 from the three randomly picked mice receiving 
HA1077 [#1, 2, and 3 marked in (a)] or the control mouse receiving saline (b). Quantification of Core-positive 
cells using the ImageJ program (c). Ctrl, sample from saline-receiving mice. Scale bars, 100 μm. In all panels, 
data are mean ± s.d. **P < 0.01 by unpaired two-tailed Student’s t-test.

Figure 3.  Antiviral efficacy of combination of HA1077 and HCV direct-acting antiviral agents (DAAs). (a) 
Huh7-derived R-1 cells harboring a GT1b HCV subgenomic replicon was treated with HA1077 (20 μM) 
and indicated HCV DAAs (EC90 of each compound). Two days after drug treatment, intracellular HCV load 
was determined by RT-qPCR. Data are mean ± s.d. from of three independent experiments, each involving 
triplicates. (b) Synergy effect of combination of daclatasvir (DCV) and HA1077 was assessed by calculating the 
combination index (CI) values for a representative experiment. CI < 1, synergism; CI = 1, additive effect; and 
CI > 1, antagonism. (c,d) Suppression of DAA-resistant mutant generation by combining HA1077 with DCV. 
R-1 cells were cultivated in the presence of G418 (0.5 mg/ml) and the indicated combinations of HA1077 and 
DCV for 5 weeks to select for DCV resistant mutants (c). Quantification of drug-resistant colonies using the 
ImageJ program (d). **P < 0.01 by unpaired two-tailed Student’s t-test.
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genome transfer to assembly sites16,29–31. Currently, it is the most potent antiviral agent used for HCV GT 1a/1b 
patients6. We tested the impact of HA1077 plus DCV combination therapy in a NOD-SCID mouse model of HCV 
replication. As expected, DCV administered alone perorally (once a day at 30 mg/kg body weight) reduced serum 
HCV RNA titers very rapidly by ~1.5 log10 at day 3 (Fig. 4a), proving its superior efficacy. When HA1077 (twice 
daily at 100 mg/kg body weight) was administered with DCV, the viral titer decreased further by 74% compared 
with the titer achieved by DCV alone. Notably, the combination of DCV with HA1077 potentiated the antiviral 
efficacy of HA1077 (a mean reduction of 1.9 log10 in HCV titer by HA1077 vs. viral clearance by the combination 
therapy on day 15; compare the results in Figs 2a and 4a).

The rapid and steep decline in HCV RNA levels was followed by a slower second phase decline until day 12 to 
result in clearance of HCV (below the detection limit of the TaqMan RT-qPCR assay) in five mice receiving both 
HA1077 and DCV. In all mice in the DCV alone-treated group, HCV titers decreased below the detection limit 
at day 15. This suppression was maintained until day 21 in both DCV- and DCV plus HA1077-treated groups. 
Both DCV and DCV plus HA1077 oral administrations over 27 days were generally tolerated with noticeable 
adverse effects. However, HCV rebound was observed in two mice in both groups at day 24 and additional HCV 
rebound was further observed in two mice only in the DCV-receiving group at day 27. HCV rebound could 
not be monitored further because experiments had to be terminated due to the increase of the tumor volume 
above the limit set by the guidelines of animal care ethics. Immunostaining analysis of the xenografts retrieved 
at day 27 showed a significant reduction of HCV core protein-positive cell levels (61% and 89.1% reduction 
in DCV-treated group and DCV plus HA1077-treated group compared with the saline-treated control group, 
respectively) (Fig. 4b,c). The mice that received DCV plus HA1077 had a slightly reduced body weight compared 
with mice in the saline-administered group, although statistically insignificant (Fig. 4d).

Deep sequencing analysis for DCV resistance-associated substitutions on NS5A.  In order to 
analyze the profile of DCV resistance-associated substitutions (RASs) on NS5A, we terminated the experiment on 

Figure 4.  HA1077 coadministered with DCV suppresses the emergence of DCV-resistant mutants in an 
orthotopic xenograft mouse model of HCV replication. (a) Saline or DCV (30 mg/kg body weight; once a day) 
with or without HA1077 (100 mg/kg body weight; twice with a 12-h interval per day) was given to mice (n = 10 
per group) for 27 days. Serum HCV RNA titer was monitored every 3 days by RT-qPCR. The horizontal dotted 
line indicates the detection limit (2 log10/ml) of the TaqMan real-time RT-qPCR assay. (b,c) Immunostaining for 
HCV core protein (Core)-positive cells in the xenografts retrieved at day 27 (b). Shown are the representative 
images at 3 different depths of the harvested xenografts of HCV-infected Huh7 (5×5×5 mm). Quantification of 
Core-positive cells (n = 3) using the ImageJ program (c). (d) Body weight changes in mice treated as described 
in (a). *P < 0.05; **P < 0.01; by unpaired two-tailed Student’s t-test. Scale bar, 50 μm.
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day 27. We selected three mice from the saline-treated group (with serum HCV RNA titer of 7.1 × 107, 7.3 × 107, 
and 6.3 × 107/ml at day 27), four mice from the DCV-treated group (with serum HCV RNA titer of 2.1 × 106, 
1.0 × 106, 2.0 × 105, and 3.5 × 104/ml at day 27), and two mice from the DCV plus HA1077-treated group (with 
serum HCV RNA titer of 6.8 × 103 and 7.4 × 105/ml at day 27). The six mice in the last two groups had serum 
HCV RNA titers remained over 5 × 103/ml from day 24. In addition to these three groups, five mice from the 
DCV- or DCV plus HA1077-treated group (with serum viral loads below the detection limit of the RT-qPCR 
assay at day 27) were chosen for deep-sequencing analysis of DCV RAVs. We also included five mice that received 
HA1077 for 15 days (100 mg/kg body weight twice daily; see Fig. 2a) alone to assess its impact on NS5A RASs.

In an attempt to explore the NS5A polymorphism even in mice with undetectable serum HCV titers, we used 
the HCV-infected Huh7 xenografts from which we could isolate enough total RNA for PCR amplification of 
the cDNA covering the L31 and Y93 residues, the two well-characterized DCV RASs on NS5A. We were able to 
obtain amplicons for sequencing analysis when we used total RNA (5 μg) extracted from the xenografts retrieved 
from the mice, which received DCV alone or DCV plus HA1077 and had HCV RNA titers below detection limit 
when assays were performed using total RNA from 200 μl sera from these mice. By sequence analysis of the result-
ing amplicons using an Illumina MiSEQ sequencer, we found no amino acid substitutions on the L31 residue in 
saline-treated group, although silent mutations were found at a 2.0% frequency (Fig. 5a). The silent mutations on 
L31 were also found in drug-treated groups with a 3.6–4.5% frequency, suggesting that L31 might be a hyper-
mutable site even in the absence of any selection pressures. Unexpectedly, L31M, which is the most frequent 
substitution found in HCV GT1 DCV RASs, was not detected in this HCV GT2a (JFH1) strain. By contrast, the 
substitution frequency at the L31 residues was dramatically increased by 33.9% in mice with HCV rebound in the 
DCV-treated group. Such an expansion of amino acids variations on the L31 residue was not previously observed 
when similar analysis was conducted on the sera from HCV GT1 patients13,32,33.

A strikingly surprising finding was that L31 substitution frequency increased further in mice with undetect-
able serum HCV titers compared with that in mice showing HCV rebound (33.9% with 8 different substitutions 
vs. 73.8% with 12 different substitutions). Of note, we noticed that when HA1077 was administered together 
with DCV, these increased substitution frequencies were substantially reduced from 73.8% to 31.8% in mice 
with undetectable serum HCV titers (**P < 0.05 by two-tailed, nonparametric Mann-Whitney test) and from 
33.9% to 22.4% in mice with HCV rebound (n = 2; HCV titers over 5 × 103/ml from day 24). For the top five most 
frequent substitutions at the L31 residue, the mutation frequency was significantly increased in the mice (n = 5) 
showing undetectable serum HCV titers following DCV treatment (Fig. 5b). Such an expansion of polymorphism 
on L31 induced by DCV was dramatically suppressed by HA1077, suggesting its role in suppressing DCV RAV 
generation.

Unexpectedly, similar analysis of the mice (n = 5) receiving HA1077 alone showed the emergence of L31 var-
iants (L31H/Q/S with a 3.4% frequency in total) (Fig. 5c). Interestingly, those three substitutions were the major 
mutations that were also found in mice with undetectable serum HCV titers. Furthermore, silent mutation fre-
quency also increased from 2% in saline-treated mouse group to 3.8% in HA1077-receiving mouse group. These 
results suggested that L31 residue might be intrinsically hypervariable and raised the possibility that HA1077 
might target NS5A. Despite its high polymorphism, L31M substitution, which was previously found in GT2a, 
GT6a, GT1a/b32–36, was not detected.

For GT1b, Y93N/H substitution is another major resistance-associated mutation toward DCV33,36. In contrast 
to the high polymorphism observed at the L31 residue, no silent mutations were detected on Y93, and Y93N 
substitution was detected only at a frequency of 1.0% in the saline-treated control group (Fig. 5d). Nevertheless, 
Y93N and Y93S substitution frequency increased to 2.7% and 2.4%, respectively in the DCV-treated group, and 
their mutation frequency was slightly decreased by co-treatment with HA1077.

Collectively, the results from deep-sequencing analysis indicate that the L31 residue of NS5A undergoes rapid 
mutation under the selection pressure by DCV, and that the emergence of diverse L31 mutants can be suppressed 
substantially, albeit not completely, by HA1077.

Hyperpolymorphism of the poly-proline motif (PxxPxxP) in DCV RAVs of HCV GT2a.  A 
predicted docking model for DCV to NS5A suggested binding through Q30 in GT1a and R30 in GT1b37. 
Furthermore, DCV RAVs showed clinically relevant mutations in the vicinity of these binding sites, including 
M28, L31, and P32 in GT1a (in addition to Q30, H54, and Y93) and L28, L31, P32, and F37 in GT1b (in addi-
tion to R30, Q54, P58, and Y93)13,32,33. For these reasons and based on our identification of strikingly diverse 
substitutions on L31, we further explored the polymorphism at the N-terminal NS5A region spanning aa 28–40, 
downstream of the N-terminal endoplasmic reticulum (ER) membrane anchoring amphipathic α-helix (AH; 
aa 1–27)38. This region includes a conserved poly-proline motif (PxxPxxP) that acts as a linker of the AH at the 
domain I of NS5A (aa 1–213)39. The polymorphism profile of this region are shown in Supplementary Fig. 5.

For GT1a, among various substitutions on Q30 (Q30E/H/K/R) in addition to L31 (L31M/V) and Y93 (Y93C/
E/H/N), which were identified as frequent resistance-associated mutations by drug resistant replicon selection 
experiments in vitro, the highest level of resistance was observed with mutants carrying a Q30E (or Y93N) sub-
stitution, resulting in several tens of thousands-fold increases of DCV EC50

32,33. In GT2a, this residue was not 
conserved and the corresponding residue K30 in the JFH1 strain was not substantially mutated (Fig. 6; see the 
details in Supplementary Fig. 5a).

Whilst lower than the extraordinary high substitution frequency (33.9%) at L31, the residues spanning from 
P32 to Q40 also displayed ~3.1–7.9% variations in the mice (n = 4) with HCV rebound after 27 days of DCV 
administration (Fig. 6a). In contrast, the L31 upstream residues F28, P29, and K30 displayed no (F28) or very 
low levels of variation (P29 and K30 with mutation frequency of 1.2% and 2.2%, respectively). Strikingly, L31 
polymorphism further increased to 73.8% in the mice (n = 5) showing undetectable serum HCV titers following 
DCV treatment (Fig. 6b). Similar to the results in the mice with HCV rebound, only a marginal variation was 
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observed at the F28, P29, and K30 residues. However, other vicinity residues (P32, G33, L34, P35, F36, and I37) 
displayed a mutation frequency of >20%, which is much higher than that in the mice with HCV rebound (see 
also Supplementary Fig. 5b–d). In both mice with HCV rebound and mice with SVR, mutation frequencies at 
S38, C39, and Q40 as well as C92 and Y93 were below 10% (Fig. 6a,b and Supplementary Fig. 5e,f). In contrast, 
in the mice that had undetectable serum HCV titers, over 30% mutation rates were detected in the five residues 

Figure 5.  NS5A L31 and Y93 polymorphism associated with DCV resistance. (a) DCV-induced polymorphism 
on NS5A L31 in the HCV GT2a strain JFH1. Illumina MiSEQ sequencing analysis was carried out using 
total RNA from HCV-infected Huh7 xenografts, which were recovered from the indicated mice receiving 
saline, DCV, or HA1077 plus DCV for 27 days. sm, silent mutation. (b) Mutation frequency on various L31 
substitutions in mice with HCV rebound or with undetectable serum HCV titers after administration of DCV 
or DCV plus HA1077 for 27 days. ND, not detected. Asterisks indicate the residues that show a significant 
increase or decrease in mutation frequency. *P < 0.05 by unpaired two-tailed Student’s t-test. (c) L31 
polymorphism in mice receiving HA1077 for 15 days. (d) Y93 polymorphism was analyzed as in (a).
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within the PxxPxxP motif, highlighting that the DCV-induced polymorphism was further expanded in a residual, 
uncleared viral population in the xenografted tissues even when there were undetectable levels of HCV in sera.

Notably, HA1077 co-administered with DCV significantly reduced the L31 mutation frequency in both the 
two mice with HCV rebound and the five mice, which had undetectable levels of HCV in sera (Fig. 6a,b). In 
the mice showing undetectable serum HCV titers, the mutation-suppressing effect of HA1077 was even greater 
(>3-fold reduction) at the P32, G33, L34, P35, F36, and I37 residues than at the L31, thus demonstrating its capa-
bility of suppressing the DCV-induced hyperpolymorphism at the linker region of NS5A.

Replication competence of GT2a DCV RAVs and their responsiveness to DCV and HA1077.  
Deep-sequencing analysis revealed that the repertoire of DCV RAS in HCV GT2 is strikingly different from that 
in HCV GT1, in which L31M/V and Y93H are major substitutions (Fig. 7a)34,35,40. We observed a high L31D/H/
Q/S substitution frequency and a very low frequent Y93N/S substitution (at most 2.7%) in the HCV GT2a strain 
JFH1. Accordingly, we sought to verify whether these major mutations on L31 confer resistance toward DCV. 
Since F28S, L31M, C92R, and Y93H are the major substitutions identified by resistance selection studies with the 
JFH1 replicon35, we also constructed control JFH1 variants containing those mutations, along with a mutant with 
an L31V substitution found in GT1a/b. As shown in Fig. 7b, all the tested variants except the one with an L31S 
substitution became insensitive to DCV, thus confirming the resistance-conferring function of L31/D/H/Q sub-
stitutions. These results suggest that some of L31 variants emerged upon DCV treatment may not lead to NS5A 
phenotype alterations. It still remains to be determined whether HCV containing L31S substitution acquires 
DCV resistance when linked to other mutations. Unlike DCV, HA1077 limited the replication of these mutants 
at various degrees.

As revealed by a transient HCV replication assay using in vitro transcripts of HCV variants, all of the tested 
variants described above had reduced replication capability, showing a 34–58% reduction in HCV RNA levels 
compared to the parental virus JFH1 strain (Fig. 7c). Infectious virus titers of these variants, except the one with 
an Y93H substitution, were also reduced as demonstrated by the infection experiments with HCVcc harvested 
three days after viral RNA transfection (Fig. 7d,e). The slightly increased infectious virus titer of the Y93H variant 
is reminiscent of the previous finding with a chimeric JFH1 replicon carrying an HCV GT1b NS5A(Y93H)36. 
Overall, our results identify the L31D/H/Q as novel DCV RASs in HCV GT2a and suggest that there exist much 
more diverse repertoires of substitutions on L31 and its vicinity residues than ever expected to allow HCV to 
survive in the presence of the selection pressure induced by DCV.

Figure 6.  Mutation frequency at the potential DCV-binding sites on NS5A. (a,b) Frequency of mutations at 
the residues spanning amino acids 28–40 including the PxxPxxP motif at the downstream of the N-terminal ER 
membrane-anchoring amphipathic α-helix (AH; aa 1–27), and the two residues C92 and Y93 known to confer 
DCV resistance in HCV GT2a. Shown are the NS5A polymorphism and DCV RAV emergence-suppressing 
effect of HA1077 in mice with HCV rebound (a) or in mice with undetectable serum HCV titers (b) after 
oral administration of DCV or DCV plus HA1077 for 27 days. *P < 0.05; **P < 0.01; by unpaired two-tailed 
Student’s t-test. ND, not detected.
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Discussion
Despite the availability of multiple potent DAAs to treat major genotypes of HCV, they have an intrinsic pitfall 
of rapid emergence of drug-resistance variants, except a small number of nucleoside NS5B inhibitors, due to the 
high turnover rate of HCV viral RNA genome and error-prone nature of the viral RNA polymerase. Therefore, 
there is a clear unmet medical need for new therapies that can overcome the shortcomings of DAAs. In this study, 
we demonstrated that HA1077 monotherapy effectively limits HCV despite high baseline viral load (>107/ml) in 
an immunocompromised mouse model of HCV replication. HA1077 improved the therapeutic efficacy of DCV 
and suppressed the emergence of DCV RAVs. Such a synergistic effect was observed exclusively with NS5A inhib-
itors but not with NS3/4A protease or NS5B RdRp inhibitors. Currently, emergence of DCV RAVs in HCV GT2 
has not been studied thoroughly, and available data are from in vitro studies using HCV replicon systems34,35 and 
from very limited clinical trials35,36. Our deep-sequencing analysis of HCV variants in the immunocompromised 
NOD-SCID mice, which would enable HCV to propagate more aggressively due to the lack of host immune 
responses, identified previously uncovered DCV RASs clustered in the PxxPxxP motif in HCV GT2a NS5A. 
HA1077 suppressed the emergence of such polymorphic NS5A variants.

Figure 7.  Impact of various substitutions on NS5A L31 and Y93 in HCV replication and responsiveness to DCV 
and HA1077. (a) DCV resistance-associated substitutions in NS5A of HCV GT1a/b and GT2a strains. Shown in 
black and blue are the amino acid substitutions most frequently identified in the past, and in red the previously 
uncovered residues identified in this study. The residues shown in parenthesis are the mutations identified 
previously in GT2a but not in this study with JFH1. (b) Susceptibility of JFH1 derivatives with the indicated 
substitutions to HA1077 and DCV. Antiviral activity of HA1077 (20 μM) and DCV (100 pM) against wild-type 
JFH1 and its various derivatives was assessed by quantification of HCV RNA titer by RT-qPCR 3 days after 
transfection of viral RNA transcripts into Huh7 cells. Data are representative of three independent experiments, 
each involving triplicates. The significance of differences in means between groups was analyzed by one-way 
analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test. ***P ≤ 0.001; n.s, not significant.  
(c) Replication competence of the transfected HCV transcripts described in (b) was assessed by northern blotting. 
Shown at the top is a representative blot. HCV blots were quantified using a PhosphorImager and normalized to 
GAPDH expression. Shown at the bottom panel are the relative HCV replication levels (mean ± s.d.) estimated 
from two independent experiments. **P ≤ 0.01 by unpaired Student’s t-test. (d,e) Infectivity of JFH1 derivatives 
bearing a DCV resistance-associated NS5A substitution. Huh7 cells were infected with an equal volume of culture 
supernatants from HCV RNA-transfected cells recovered at 3 days post-transfection, prior to immunostaining 
of HCV core protein (Core; green) 2 days later. DAPI, nuclear staining (blue) (d). Relative percentages of Core-
positive cells in HCV-infected Huh7 cells (e). The data shown are the means ± s.d. (relative infectivity of each 
mutant), obtained from three technical replicates. Scale bar, 50 μm.
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HCV NS5A, which is a phosphoprotein with RNA-binding activity, is a multifunctional protein essential for 
viral genome replication and virion assembly41,42. DCV inhibits the viral replicase complex formation and inter-
feres with virion assembly possibly by blocking viral genome transfer to an infectious virus assembly site29–31. 
Due to its multifunctional roles at various stages of the HCV life cycle, multiple reasons might explain the NS5A 
inhibitor-specific synergy with HA1077. Since HA1077 induced the generation of L31H/Q/S substitution at rel-
atively low frequency (3.4%), one possibility is that it has functional and/or direct interactions, if any, with these 
residues, likely with low affinity and specificity. However, this is unlikely the case because those variants were 
sensitive to HA1077. Our results showed that DCV and other NS5A inhibitors do not inhibit PRK2 activation 
(Supplementary Fig. 6), ruling out the possibility of their non-specific regulatory role in the PRK2 activation sig-
naling pathway. DCV may target unknown cellular factors to exert its potent anti-HCV activity. Further studies 
are required to understand how HA1077, which inhibits both PRK2 and ROCK, displays synergy with DCV.

HCV NS5A phosphoprotein (447 amino acids) has three distinct structural domains: domain I (aa 1–213), 
domain II (aa 250–342), and domain III (aa 356–447). Domain I contains the N-terminal AH region acting as 
an NS5A membrane anchor (aa 5–25) and the Zn2+-binding domain, which are involved in NS5A dimerization 
and are required for HCV RNA replication39,43–45. Interestingly, we discovered a high polymorphism at L31 and 
its vicinity residues in the disordered linker region, which links the AH to the remaining part of the domain 
I (Fig. 6). The mutation frequency of 33.9–73.8% in the mice receiving DCV was much higher than the back-
ground, i.e., a silent mutation rate of 2.0% in saline-treated mice or an HA1077-induced substitution rate of 3.4%. 
These results clearly indicate that the high polymorphism at the PxxPxxP motif located within the NS5A domain 
I is not due to natural mutation propensity on this region. Indeed, deep-sequencing analysis of HCV full-genome 
in treatment-naïve individuals revealed that pre-existing RASs in HCV GT1a/b, GT2b, and GT3a are present at 
higher frequencies at various NS5A N-terminal residues (amino acid sites 30, 54, and 58) in the absence of DCV 
selection pressure46, rather than being enriched in the PxxPxxP motif as we observed in this study. Collectively, 
our results provide potential DCV-binding sites in the linker region between the N-terminal AH region and the 
domain Ia of NS5A, which carries the Zn2+-binding site. With this pool of multiple variants with diverse sub-
stitutions (~12 on L31) in this region, HCV might be equipped with adaptive power to conserve DCV-resistant 
variants for successful HCV rebound. According to predicted DCV-docking models, DCV binds to the NS5A 
dimer interfaces39. Therefore, such variants with diverse DCV RASs could form various sets of NS5A dimers to 
confer resistance to DCV and, thereby, to alter NS5A function in viral replication and virion assembly.

As shown with poliovirus and foot-and-mouth disease virus, mutants with lower fitness are supposed to be 
rapidly purged in large populations while selecting the most fitting progeny47. Despite the reduced replication 
capability of individual mutants with DCV RASs (Fig. 7), population of these mutants along with others con-
stituted a greater proportion than wild-type HCV with NS5A L31 in the mice with undetectable serum HCV 
titers (Fig. 5a). These findings imply that the features of DCV-resistant HCV swarms might be different from 
those of individual mutants. Our results therefore reinforce the recent view on selection of viral quasispecies in 
which interconnected features of variant population contribute to the virus fitness through a process called group 
selection48. It would be of interest to test if genetic complementation occurred by co-infection of DCV RAVs to 
restore their replication competitiveness and consequently to maintain a large pool of DCV RAVs at sites of viral 
replication. One may speculate that HA1077 directly or indirectly suppresses such complementation effects to 
reduce mutation frequency in the mice that received DCV along with HA1077.

As discussed above, the pronounced diversity in the repertoire of substitutions on L31 and its neighboring 
residues was unexpected. In fact, previous studies, which were conducted with HCV replicons or using sera from 
patients showing HCV rebound or viral breakthrough, have not ever detected this high polymorphism on NS5A. 
This dramatic difference in NS5A polymorphism could be partly explained by the recent finding that DCV blocks 
the transfer of viral genome to assembly site31; therefore, only the abundant species targeted to the virus assembly 
sites are enriched in circulating virions. Supporting this hypothesis, we showed that the capability to produce 
infectious virus particles was impaired in the NS5A variants with L31/D/H/M/Q/S/V, F28S, or C92R substitution 
but not in the one bearing the Y93H substitution (Fig. 7e). Notably, the Y93H substitution in HCV GT1b also 
enhanced virus propagation33,36. Based on our results and previous findings on DCV RASs, it appears that the 
profile of DCV treatment-induced and pre-existing substitutions depends on HCV genotypes. Thus, our results 
underscore the importance of pre-screening patients with different HCV genotypes based on their own RAV 
profile information. More importantly, since those profiles seem to be remarkably different in infected cells and 
in secreted virions, our results also call for the importance of monitoring RAVs in liver tissues, even for those in 
patients with undetectable levels of HCV in sera to ensure successful management of HCV.

Currently, there is no clear consensus on which double or triple DAA combination is most effective in 
patients who experienced failure with DAA therapy49. For example, DCV/asunaprevir (ASV) treatment 
achieved extremely high SVR rates (~90%) in chronic HCV-GT1b infection12. DCV combination therapy was 
first approved in Japan with ASV13,50. However, this combination therapy generated DCV RAVs, with L31M 
or Y93F/H substitutions emerging in patients who failed to respond to the DCV/ASV therapy13,50. Kai et al.51 
detected L31M/V-Y93H variants in patients with HCV GT1b who experienced virologic failure with DCV plus 
ASV. Kan et al.52 showed that DCV/ASV treatment is also ineffective in patients with simeprevir treatment failure. 
Therefore, additional clinical trial datasets are required to ensure competitiveness of the DCV plus ASV therapy 
as an IFN and ribavirin-free regimen. Recently, the United States Food and Drug Administration approved the 
DCV plus sofosbuvir combination therapy, which proved effective for patients with HCV GT1, 2, or 3, without 
administration of pegylated-IFN-α and ribavirin53. This DAA combination therapy is anticipated to limit the 
emergence of RAVs against both drugs. Currently, the combination of ledipasvir and sofosbuvir (also called 
Harvoni) is used for GT1 patients who did not experience SVR with IFN treatment54. Sofosbuvir/velpatasvir/
voxilaprevir (Vosevi; Gilead), which was approved in July 2017, is a certainly one of the most advanced DAA 
combination regimens. In 2017, glecaprevir and pibrentasvir (Maviret; AbbVie) combination was also approved 
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in Europe for treatment of all genotypes. These and other DAA combinations in clinical trials4 will provide mul-
tiple treatment options for patients who received unsuccessful treatment with DAA-based regimens. In the phase 
3 trial55, Vosevi was effective in 97% enrolled patients. However, RASs in the NS5A were found in 2 patients even 
though they only reported RASs that were present in more than 15% of sequence reads. Further monitoring is 
thus needed to ensure that this triple combination therapy is effective for patients in whom treatment with diverse 
NS5A inhibitors had previously failed.

Despite multiple DAA combination options, there is no curative therapy option using HTAs. We showed that 
the frequency of DCV-resistant mutations on both L31 and Y93 can be substantially decreased by HA1077 com-
bination, and that HA1077 improves the efficacy of DCV. However, the dose and schedule used in this study did 
not result in complete prevention of HCV rebound by combination of DCV and HA1077; HCV titers remained 
below the detectable limit on day 12 or 15 till day 24, at which DCV RAVs emerged. This might be due to the 
presence of unprecedented diversity of NS5A polymorphism induced by DCV during HCV propagation in the 
immunocompromised mice. Host immunity including innate and adaptive immune responses is a potent driv-
ing force in viral evolution56. It remains to be determined whether an unexpected high evolvability of HCV 
NS5A gene, which we observed in DCV-receiving NOD-SCID mice, also occurs in immunocompetent hosts. 
Further studies are also required to test whether HCV with DCV RASs can be controlled more effectively by using 
improved PRK2 inhibitors.

In summary, we provide proof of concept for the inclusion of an HTA in DAA therapies by demonstrating 
the synergistic efficacy of HA1077 plus DCV combination. This HTA/DAA combination therapy might be an 
attractive strategy for better management of patients who carry pre-existing resistance variants or have emerging 
DCV RAVs. However, caution should be exercised on the use of this potentially promising combination therapy 
in patients across all age groups because it might be associated with side effects caused by drug-drug interactions 
or by inhibiting the activity of the host kinases PRK2 and ROCK.

Methods
Reagents: HCV inhibitors, siRNAs, staining reagents, and antibodies.  Asunaprevir, boce-
previr, dasabuvir, and mericitabine were purchased from MedChem Express (Monmouth Junction, NJ, USA). 
Telaprevir, ledipasvir, and daclatasvir were purchased from Selleckchem (Houston, TX, USA). Ombitasvir was 
purchased from Clearsynth (Lotus Business Park, Andheri West, India). Simeprevir was obtained from ApexBio 
(Boston, MA, USA). The PRK2 inhibitor HA1077 was purchased from Sigma-Aldrich (Saint Louis, MO, USA) 
or Selleckchem. The siRNAs used for depletion of PRK2, ROCK1, and ROCK2 and the scrambled control 
siRNA (siCtrl) were described previously21. siRNAs were transfected into cells using Lipofectamine RNAiMAX 
(Invitrogen, CA, USA). PKH67 dye was obtained from Sigma-Aldrich and used for HCV particle labeling accord-
ing to the manufacturer’s protocol. The following antibodies were used: a mouse monoclonal anti-HCV core 
antibody (clone C7–50) from Abcam (Cambridge, UK); rabbit polyclonal anti-PRK2 and p-PRK2(Thr816) anti-
bodies from Cell Signaling Technology (Danvers, MA, USA); goat polyclonal anti-pPRK2(Thr816), and mouse 
monoclonal anti-ROCK1 (4H247) and ROCK2 (30-J) antibodies from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA); and Alexa fluor488 goat anti-mouse IgG antibody from Invitrogen.

Cell culture and virus infection.  The human hepatocellular carcinoma cell line Huh7 was grown in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 
100 U/ml of penicillin, 100 μg/ml of streptomycin, and 0.1 mM of nonessential amino acids under standard cul-
ture conditions (5% CO2, 37 °C). The Huh7-derived cell line R-1, which harbors a GT1b subgenomic replicon22,57, 
was maintained in DMEM with 1 mg/ml of G418. The infectious cDNA clone of GT2a HCV JFH158, which 
was linearized with Xba1 and treated with Mung bean nuclease (Takara, Kyoto, Japan), was used as a template 
for the preparation of viral RNA transcripts by using the T7 MEGAscript kit (Ambion, Austin, TX, USA). The 
JFH1 RNA was electroporated into Huh7 cells. After 24 h, medium was changed to fresh medium prior to the 
collection of the virus in culture supernatant at 3 days post-transfection. The culture medium was cleared by 
low-speed centrifugation at ~900 × g for 5 min and passed through a Millipore filter (20-nm pore size) to obtain 
cell culture-infectious HCV (HCVcc). For infection, Huh7 cells were incubated with HCVcc at a multiplicity of 
infection of 0.25–0.5 with periodic rocking. Cells were then washed three times with phosphate-buffered saline 
(PBS) and maintained in complete DMEM.

Reverse transcription-quantitative PCR.  Total RNA was extracted from R-1 cells, or HCV (JFH1)-infected 
or HCV RNA-transfected Huh7 cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Real-time reverse 
transcription-quantitative PCR (RT-qPCR) for the determination of HCV RNA titer was performed using specific prim-
ers for GT1b or 2a HCV, TaqMan probe targeting HCV 5′-UTR region, and iQ Supermix (Bio-Rad, Herules, CA). The 
primers used for RT-qPCR are as follows: sense primer 5′-UTR F (5′-GCGTCTAGCCATGGCCTTAGTATGAGTGTC
-3′) and antisense primer 5′-UTR R (5′-ACCACAAGGCCTTTCGCGACCCAACACTAC-3′) for GT1b; sense primer  
5′-UTR F (5′-CGGGAGAGCCATAGTGG-3′) and antisense primer 5′-UTR R (5′- AGTACCACAAGGCC 
TTTCG-3′) for GT2a; and a dual fluorophore-labeled probe [5′-FAM (6-carboxyfluorescein)-CTGCGGAACC 
GGTGAGTACAC-TAMRA (6-carboxytetramethylrhodamine)-3′].

Analysis of the synergistic effect.  The combination index (CI) of HA1077 and HCV inhibitor combi-
nations was calculated using the CompuSyn software (version 3.0.1; CompuSyn, Inc., Paramus, NJ, USA). The 
combination index (CI) value, calculated by the multiple drug effect equation, was used to estimate the drug 
combination effects: synergism, CI < 1; additive effect, CI = 1; and antagonism, CI > 1. The three-dimensional 
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(3D) surface plot of CI values was drawn using the Number Cruncher Statistical System (NCSS) software (version 
11, NCSS, Kaysville, UT, USA).

Site-directed mutagenesis.  The resistance-associated NS5A mutations were introduced into the JFH1 
infectious clone by site-directed mutation using the QuikChange II XL site-directed mutagenesis kit (Agilent 
Technologies, Santa Clara, CA, USA). Primers used for mutagenesis are listed in Supplementary Table 1.

Northern blotting.  Total RNA (5 μg), which was extracted from Huh7 cells and JFH1 RNA-transfected 
Huh7 cells using Trizol reagent (Invitrogen), was resolved on a denaturing agarose (0.7%) gel and transferred 
onto a positive charged nylon membrane (Roche Diagnostics, Mannheim, Germany) and fixed to the mem-
brane by UV-crosslinking. HCV (JFH1) and GAPDH probes were generated by random labeling of HCV and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA fragments prepared by RT-PCR using the fol-
lowing primer sets: sense primer JFH1 F (5′-CCAACCTGCTCATGGAGG-3′), antisense primer JFH1 R 
(5′-TCCACGCAGAACACCTCA-3′), sense primer GAPDH F (5′-GAAGGTGAAGGTCGGAGTC-3′), and 
antisense primer GAPDH R (5′-GGGACTCCCCAGCAGTG-3′). The PCR-amplified DNA fragments were 
radiolabeled using [α-32P] dCTP and Rediprime II DNA labeling system (Amersham Biosciences, PA, USA). 
Membranes were pre-hybridized for 30 min and then hybridized with HCV-specific radiolabeled probes over-
night. After washing, membranes were quantified using PhosphorImager and normalized to GAPDH. Uncropped 
images of northern blots are provided in Supplementary Fig. 7b.

Immunoblotting and immunocytochemistry.  Immunoblotting analysis was carried out as described 
previously21. Uncropped images of immunoblots are provided in Supplementary Fig. 7a,c,d. Huh7 cells grown on 
Lab-Tek 4-well chamber slides (Nunc, Saint Louis, MO, USA) were infected with JFH1 HCVcc when the cells were 
approximately 50% confluent. The HCVcc was obtained from the culture supernatant of JFH1 RNA-transfected 
Huh7 cells at 3 days post-transfection. Two days after infection using culture supernatants concentrated 50-fold 
in a Centricon (MW cut-off of 10,000; Amicon, Danvers, MA, USA), cells were fixed with 4% paraformalde-
hyde in methanol for 15 min at room temperature, washed three times with cold PBS, then permeabilized with 
PBS containing 0.2% Triton X-100 for 10 min at room temperature. After washing three times with PBS, the 
cells were treated with a blocking solution (3% horse serum in PBS) for 30 min at room temperature. Cells were 
further incubated with a monoclonal anti-HCV core antibody overnight at 4 °C, then washed three times with 
PBS. Cells were further incubated with fluorescent-conjugated secondary antibodies (Invitrogen) for 2 h at room 
temperature to visualize the core antigen, and then washed three times with PBS. The HCV Core-positive area 
among 50 total cells from three confocal images was quantified using ImageJ program (https://imagej.nih.gov/ij/). 
Immunostaining for HCV core antigen in the xenograft tissues was described previously21. Nuclei were stained 
with 1 µM 4′,6′-diamidino-2-phenylindole (DAPI) in PBS. Fluorescent signal was visualized using a confocal 
laser scanning microscope (Zeiss LSM 700 META, Carl Zeiss, Oberkochen, Germany).

Sequencing analysis and bioinformatics.  Total RNA (5 μg), which was extracted from 5-mm cube xenografts 
retrieved from mice using Trizol, was used for the synthesis of HCV NS5A cDNA [nt 6,339–6,560; nucleotide posi-
tions are numbered according to the JFH1 HCV GT2a sequence (GenBank accession no. AB047639)] using a reverse 
primer (5′-GACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGCGCGCACTGGCCCTCCGT-3′). The cDNA  
was PCR-amplified using a forward primer (5′-AATGATACGGCGACCACCGAGATCTACACTCTTTCC 
CTACACGACGCTCTTCCGATCTCCTCTAAATTGTTCCCCAAG-3′) and reverse primers tagged with the 
Illumina sequencing adapters. The resulting amplicons were sequenced on the MiSeq benchtop sequencer (Illumina, 
San Diego, CA, USA). After removal of Illumina adapter sequences using FASTX-toolkit (http://hannonlab.cshl.edu/
fastx_tollkit/), reads were analyzed by the Visual Basic Application (VBA)-coded macro running in the Microsoft 
Excel environment. The cutoff threshold for detecting an amino acid substitution frequency was 1% to account for 
RT-PCR and sequencing errors.

Animal experiments.  All animal experiments were performed in accordance with the Korean Food and 
Drug Administration guidelines. Protocols were reviewed and approved by the Institutional Animal Care and 
Use Committee of Yonsei University (Permit No: IACUC-A-201506-332-02 and IACUC-A-201606-231-02). At 
the termination of experiments, all mice were euthanized by CO2 inhalation. To evaluate in vivo efficacy of anti-
viral agents on HCV, NOD/SCID mice bearing HCV-replicating Huh7 xenografts were used21. Briefly, HCV 
RNA-transfected cells mixed with Matrigel were injected into the large lobes of the livers of anesthetized immu-
nodeficient NOD/SCID male mice (5 weeks of age, 18–20 g body weight). Four weeks after implantation, com-
pounds dissolved in saline were orally administered to mice using a feeding needle (Fuchigami, Japan). Serum 
HCV titer was monitored by RT-qPCR.

Statistical analysis.  Statistical analyses were performed using GraphPad Prism (version 6.01; GraphPad 
Software Inc., La Jolla, CA, USA). Results are presented as mean ± standard deviation (s.d.) from three independ-
ent experiments unless otherwise specified. Specific tests used to determine statistical difference are noted in each 
figure legend. P values less than 0.05 were considered statistically significant.

Data availability.  The authors declare that all other relevant data are available from the authors upon rea-
sonable request.
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